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Plutonium Futures—The Science

Preface

The scientific papers presented at the second “Plutonium Futures-The Science”
conference held in Santa Fe, New Mexico, in July 2000 are contained in these
proceedings. The first “Plutonium Futures-The Science” conference, held in
August of 1997, attracted more than 300 scientists and engineers from fourteen
countries. Participants representing more than 60 institutions, universities, and
research laboratories presented more than 125 papers. That conference helped
increase awareness of the importance of the scientific underpinnings of pluto-
nium research and its global nature. The breadth and technical content of this
year’s conference exceeds the previous one. More than 180 papers cover activities
in materials science, actinide process chemistry, nuclear fuels, transuranic waste
forms, actinides in the environment, actinide separation and analysis, and con-
densed matter physics of actinides. In addition, a tutorial session on nuclear and
radiochemistry, the chemistry and physics of plutonium, and recent advances in
plutonium oxide and surface science precedes the conference.

Why the interest in plutonium? Scientists are attracted to the most scientifically
fascinating and technically challenging element in the periodic chart. At the same
time, plutonium and its uses represent one of the most politically charged interna-
tional issues on the planet. Science is the focus of this conference, but because of
the importance of plutonium in the balance of world power, the focus on its
science is dictated to a large degree by international policies and issues of grave
political importance. The world is more concerned than ever with nuclear prolif-
eration in many of the traditionally non-nuclear weapon states. Safe management
of nuclear materials still looms as an important issue worldwide. A great deal of
work still needs to be done under the Russian/U.S. agreement to dispose of up to
fifty metric tons each of weapons plutonium. At the same time there has been a
renewed interest in the U.S. and Russia to develop plutonium/uranium mixed
oxide fuels as a means of disposing of the excess plutonium.

Advances in the understanding of plutonium sciences underpin many of these
issues, and an amazing amount of new plutonium science has emerged world-
wide since the last conference. For example, detailed Russian studies on the Pu-
Ga phase diagram raised questions on thermodynamic-versus-kinetic stability.
Applications of synchrotron radiation revealed local structure changes about the
Pu or Ga atom using x-ray absorption fine structure (XAFS), and the electronic
structure of α and δ Pu was refined using soft x-ray resonant photoemission
spectroscopy. Detailed studies of plutonium oxides revealed the existence of a
higher oxide thereby advancing the understanding of corrosion mechanisms.
Resonant ultrasound spectroscopy and neutron diffraction studies have given
additional insights into the phonon modes of pure and alloyed plutonium. New
ceramic compositions are being developed for plutonium storage. Finally, sophis-
ticated studies on the migration behavior of plutonium in the environment have
underscored the importance of colloid-facilitated transport of plutonium in
ground water. Clearly, the scientific advances of the twenty-first century are
continuing to unlock the importance of the many mysteries surrounding pluto-
nium. A significant portion of the scientific advances mentioned above and much
more will be presented at the “Plutonium Futures-The Science” conference.

R. Bruce Matthews
Conference Co-Chair

Preface
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Plutonium science provides exciting opportunities for scientists and engineers to
apply their talents to technical issues of international importance. One of the goals
of this conference is to acquaint students with the world of plutonium and the
opportunities to pursue careers in actinide sciences. Plutonium is a global science
issue and requires the participation of scientific institutions, universities and
students. The Plutonium Futures conference creates a forum where researchers in
diverse fields may come together to present the latest scientific advances in a wide
range of technical areas with the common thread of plutonium science. Los
Alamos National Laboratory, in cooperation with the American Nuclear Society
and the plutonium research community, is pleased and proud to sponsor this
conference.
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How to Develop New Materials

The Manhattan Project required a large amount of innovative work to develop
new techniques and new materials. A review of such activities could be useful for
future developments of the actinides. It is important to work out techniques for
handling radioactive waste. I will review the activities dealing with the develop-
ment of plutonium containment that could serve as a guide for future needs.

Processes will have to be developed for safe storage and applications of the
actinides if adequate agreement is reached on reduction of nuclear weapons.
One of the key problems facing us in the near future is the production of adequate
electrical power, and it may be essential to expand the use of plutonium and
uranium for the fuels of nuclear reactors. It is particularly important that the
design of the nuclear reactors anticipate possible accidents, so that procedures
need to be developed to minimize health problems. We must have nuclear de-
signs that are less risky than power plants using coal, oil and other combustible
materials to convince the public that nuclear reactors can be safe.

To deal with the many problems that will have to be resolved in the future, we
have to consider novel materials that would have properties of unique value for
the processes. One source of materials with a wide range of properties is the
intermetallics of transition metals or mixtures of transition metals with ordinary
metals. Considering the multicomponent mixtures that can be used, there are
millions of novel materials that can be developed. It is possible to predict the
thermodynamic stabilities and other properties of these materials. The predictions
have been illustrated for aluminides of the transition metals using a modified
Born-Haber cycle to take into account both covalent and ionic interactions. This
treatment is being expanded to predict the properties of transition metals with
gallium and other non-transition metals, as well as dealing with multicomponent
mixtures of just transition metals, including the lanthanides and actinides as part
of the transition metal group.

To deal with so many materials and to consider their applications will require a
large amount of time, and it will be very important to recruit more scientists to
carry out these predictions.

Leo Brewer
University of
California, Berkeley,
CA  74720, USA



CP532, Plutonium Futures – The Science, edited by K. K. S. Pillay and K. C. Kim,
© 2000 American Institute of Physics 1-56396-948-3/00/$17.004

Status and Trends in Plutonium Recycling
in Nuclear Power Reactors

The controlled use of plutonium in power reactors has become an important
factor in considering the ongoing development of nuclear power. On one hand a
continuing accumulation of unused plutonium presents a future challenge to the
world community because of an increasing risk of its use for nonpeaceful pur-
poses. On the other hand only with plutonium use may one utilize practically
unlimited resources of fertile uranium-238 in energy generation. Initially pluto-
nium was sought to be used primarily in fast breeder reactors (FBRs), where its
recycling increases the energy available 50 fold or more, making fission energy by
far the largest energy resource available, indeed, a virtually inexhaustible one. In
the beginning, the use of plutonium in the form of mixed-oxide (MOX) fuel in
thermal reactors was taken only as an alternative back-end policy option. Pluto-
nium use in thermal reactors also increases uranium efficiency, but only about
twice. Nevertheless, today the plutonium recycling in light-water reactors (LWRs)
has evolved to an industrial level in some countries engaged in the recycling
policy. This happened mainly because of the delays in the development of FBRs
and the need to realize at least a partial return on investments made in reprocess-
ing facilities.

Already during the well-known IAEA International Fuel Cycle Evaluation Study
of 1976-80,[1] the different aspects of plutonium utilization in the form of MOX fuel
were discussed and followed up in the many international meetings during the
last two decades. An International Symposium on MOX Fuel Cycle Technologies
for Medium and Long Term Deployment, organized by the IAEA in co-operation
with OECD/NEA and held in Vienna in May 1999, was a milestone which re-
viewed the past, present and future of Pu recycling in nuclear power reactors.[2]

This paper presents major results of the Symposium in the context of present
conditions of deregulated electricity market and in the future and its role in the
reduction of stockpiles of separated civil and surplus ex-weapons plutonium. In
addition to current and projected MOX production and requirement capacities,
the paper presents the IAEA evaluation of this data and data on separated civil Pu
inventories worldwide up to 2020 made using the VISTA Code.[3] The IAEA
estimations are done for different scenarios of nuclear power and fuel cycle
strategies.

More than 30 years of reactor experience using MOX fuel as well as the fabrication
of 2000 LWR MOX assemblies, with the use of 85 t of Pu separated from spent fuel
from power reactors, indicates that the recycling of Pu as MOX fuel in LWRs has
become a mature industry. The technology for reprocessing, fabrication, transpor-
tation, and safeguarding is well progressed, and the facilities, institutions and
procedures are in place (with capacity extensions being planned). This is to meet
the anticipated increase in amounts of separated plutonium from the production
of nuclear power. The number of countries engaged in plutonium recycling (at
present-6) could be increasing in the near future, aiming at the reduction of stock-
piles of separated plutonium from earlier and existing reprocessing contracts.
Economic and in some cases strategic considerations were the main factors on
which such decisions on MOX use were based.

Vladimir Onoufriev
International Atomic
Energy Agency,
Vienna, Austria
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MOX fuel is designed to meet the same key safety parameters as uranium fuel for
all normal and off-normal events, and it is demonstrated at each core loading that
there is no challenge to the design basis. The IAEA symposium of 1999 recon-
firmed the good and almost defect-free performance of MOX fuel at increasingly
high burnup levels. Design codes to accommodate the special characteristics of
MOX have been developed. To reach burnup levels equivalent to uranium fuels
up to 70 MWd/kg, work is still ongoing to confirm required MOX fuel behaviour
under extreme transient and accident conditions and to confirm models of fission
gas release whereby this release may be mitigated by changing the fuel micro-
structures. The paper presents a review of major MOX fuel performance and
design data.

The reactor-based weapons-grade (WG) plutonium disposition approach pro-
posed by the USA and Russian Federation in part builds upon proven commercial
MOX fuel technologies supplemented by other R&D that provides some opti-
mism on implementation of WG MOX disposition. The goal of the U.S. and
Russian plutonium disposition programmes is to render the surplus plutonium as
inaccessible and unattractive for retrieval and weapons use as the residual pluto-
nium in spent fuel from power reactors. Progress in these and some other activi-
ties on WG Pu disposition is presented in the paper.

The paper ends with an analysis of different scenarios on the long-term future of
Pu recycling and MOX fuels. The first phase, with the full introduction of MOX
recycling on a large scale in several countries and with build-up of approximately
190 t of separated civil Pu is coming to an end. The second phase is now begin-
ning. After a further expansion of MOX recycling to include other countries and
additional nuclear plants being licensed for MOX fuel, it can be expected that the
separated Pu stockpiles (both, civil and WG) would begin to diminish and move
to significantly lower levels. Apart from extending the number of power reactors
able to use MOX fuel, the technology also needs to be developed for advanced
and more environmentally friendly reprocessing methods and also new fuel
technologies such as inert matrix fuels and advanced plutonium “incinerators.”
Such new technologies will be needed in a third stage of development to cover the
case where nuclear power may for a time diminish in some countries even per-
haps on a wide scale. The need would be to handle the remaining plutonium
inventories or, more probably, to match a new revival of nuclear power to allow a
positive and effective management of plutonium recycling keeping stockpiles at a
minimum and permitting fuel and waste repositories to be “plutonium free.”
Such scenarios might be better managed and be more transparent under an
international regime still to be evolved. Eventually this third phase of MOX
recycling might be one in which MOX fuels become one of the standard nuclear
fuels for plants specifically designed for the use of MOX fuels. This phase could
only start when MOX recycling becomes commercially viable to the utilities.

References

1. International Atomic Energy Agency, International Nuclear Fuel Cycle Evaluation,
INFCE Summary Volume, IAEA, Vienna (1980).

2. International Atomic Energy Agency, International Symposium on MOX Fuel Cycle
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Fundamentally, Why is Plutonium Such an Unusual Metal?

Plutonium is an element at odds with itself—with little provocation it can change
its density by as much as 25 percent; it can be as brittle as glass or as malleable as
aluminum; it expands when it solidifies; and its silvery, freshly machined surface
will tarnish in minutes, producing nearly every color in the rainbow. In addition,
plutonium’s continuous radioactive decay causes self-irradiation damage that
can fundamentally change its properties over time. Plutonium appears to be
truly unique with no analogues in the periodic table. What are the fundamental
reasons for its unusual behaviors?

Plutonium fits near the middle of the actinide series. It is of practical interest
principally because the 239 isotope has attractive nuclear properties for energy
production and nuclear explosives. Its structural properties are particularly
unusual. The thermal instability of plutonium—that is, the large length (or
volume) changes during heating or cooling—is the most important consequence
of the unusual properties of plutonium. The huge volume changes in the solid
state result primarily from structural transformations among an unprecedented
six solid allotropes. The ambient-temperature a phase of plutonium is a low-
symmetry monoclinic crystal lattice, more typical of minerals than of metals.
The high-symmetry, close-packed face-centered cubic d phase exhibits the lowest
density. The liquid is denser than the high-temperature solid phases resulting in
contraction upon melting.

For a fundamental understanding we must turn to electronic structure because it
determines all of these properties. In solids, the valence electrons of the isolated
atomic states occupy the conduction band. In actinides, the 7s, 6d, and 5f elec-
trons, all of nearly equivalent energies, form overlapping (hybridized) bands.
The dominant band controls the bonding and resulting properties. The 5f elec-
tron wave functions are closely confined to the atomic cores and possess a very
narrow energy band with a high density of states at the Fermi level. The key
question for the actinides and plutonium is to determine what exactly the 5f
electrons are doing. I believe the peculiarities of plutonium can be summarized
by three features of its electronic structure.

(1) The spatial extent of the 5f electrons in plutonium is just enough to bond. The
f electron wave functions are closely constrained to their atomic cores. In fact, the
4f electrons in the lanthanides are sufficiently constrained to be localized—that is,
they do not form bonds and are, therefore, chemically inert. However, in the light
actinides, the 4f electrons partially screen the nuclear charge allowing the 5f
wave functions to extend somewhat more. Likewise, additional relativistic forces
in the actinides allow the 5f wave functions to extend as well, resulting in just
enough extension for the 5f electrons in the light actinides to form bands and
participate in chemical bonding. The narrow band, high density of states at the
Fermi level exhibited by the 5f electrons energetically favors a distorted crystal
lattice over that of the high-symmetry structures typically observed in metals.

(2) Multiple electronic configurations of nearly equal energy levels. The 7s, 6d,
and 5f atomic orbitals in isolated atoms possess nearly identical energy levels,
and they form overlapping bands in the solid. With internal energy (at absolute
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zero temperature) levels so close, it is relatively easy to lower the total free energy
of the system externally by changing temperature, pressure, or chemistry. Particu-
larly, at elevated temperatures, entropy contributions to the total free energy
become more important, and crystal structures such as the relatively open body-
centered cubic lattice with its high vibrational entropy are favored.

(3) Sitting on the knife-edge between bonding and localized behavior. As the
nuclear charge increases across the actinide series, atomic radii contract, and the
5f wave functions gradually pull in more closely to the atomic cores. Since the
5f wave functions in the actinides just barely overlap to bond in the first place, this
slight contraction finally pulls the 5f wave functions into the core at americium—
that is the 5f electrons become localized and do not participate in chemical bond-
ing. The consequences are dramatic—the s and d-electron bands dominate, atomic
volumes increase enormously, and high-symmetry crystal structures are favored.
This transition from bonding to localized behavior appears to occur right at
plutonium. In the a phase all 5f electrons bond, but the higher-temperature phases
can best be characterized by having some of their 5f electrons localized.

I will present examples of how these three features strongly affect resulting crystal
structures, melting points, and phase stability of plutonium and the actinides.
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Self-Irradiation of Pu, Its Alloys and Compounds

Self-irradiation of Pu, its alloys and compounds by products of known α- decom-
position is acontinuous complicated process, which includes numerous different
phenomena. The accumulation of Pu decomposition products causes material
structure and properties change. This problem is the subject of many works, most
of them concerned with the behavior of Pu and its alloys at low (liquid He and N)
temperatures.

The survey is given of the results of our experiments connected with radiogenic
helium behavior, crystal structure and properties of Pu metallic compounds and
Pu oxide ceramics in a self-irradiation process at room temperature under isoch-
ronal heat treatments.

1. Radiogenic helium behavior in δ-phase alloys of Pu with Ga at room
temperature and under heating to melting has been studied. It was
established that not more 10% of whole helium accumulated  is released
under heating of alloy with 0.08% He in solid state by the method of thermal
degassing in a vacuum with continuous stepped annealing. There is one pick
at 250oC–300oC in the spectrum of degassing due to different mechanisms of
He migration to the sample surface and the change of helium form. Helium
migration proceeds by the interstitial mechanism with activation energy
E=0.2 eV within 20oC–120oC, while in the range of 120oC–250oC it proceeds by
a vacancy mechanism. It was shown by the method of positron annihilation
that practically whole radiogenic helium is contained in pores of two sizes
0.4-0.8 nm and 17-23 nm[1]. The pores were absent from the initial alloy
structure. There is only 37% He in pores at 575oC, the remaining amount
apparently is contained inside bubbles, the appearance of which is observed
in microstructure beginning from 425oC–450oC. The quantity of micro pores
and their sizes are growing with temperature. As a result of isothermal
annealing at 600oC during 1000 hours the porous structure is formed where
pores apparently filled by helium take about 8% volume. From the
thermodynamic point of view they present second phases in two phase region
(δ-Pu+Ga) of a Pu-Ga-He system by section (Pu,Ga)-Hex. Taking into account
the change of He form in alloy δ- Pu+Ga, the fragment of such a hypothetical
diagram was considered.

2. The influence of self-irradiation on Pu3Ga and two phase (δ-Pu + Pu3Ga)
alloys structure and properties has also been studied. As it was shown earlier,
the compound Pu3Ga, which had tetragonal or ordered cubic structure in the
initial state, acquired a disordered cubic structure due to the self-irradiation at
room temperature. The change of Pu3Ga crystal structure in the two phase
alloys (δ-Pu+ Pu3Ga ) has the same character, but the transmission from the
tetragonal to the cubic phase occurs for a longer time. During subsequent
isochronal annealing the tetragonal structure has been recovered at 300oC; the
lattice parameter δ-phase of alloys has been recovered at temperature higher
than 150oC.

The measurements of residual electrical resistance of Pu3Ga and two phase
(δ-Pu+ Pu3Ga) alloys stored during 900 days at room temperature have shown
that the electrical resistance of Pu3Ga and all alloys has been increased in the
process of storage independently of their structure. The growth of electrical
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resistance occurs in several stages, and in every stage it follows the
exponential low, except in the initial one. The character of electrical resistance
change, the quantity of stages, the value and the direction of changes in the
process of self irradiation depend on Pu3Ga modification and the composition
of the alloy and its structure and are defended by structure changes of Pu3Ga
in the process of storage. Subsequent annealing of samples occurs in several
stages and does not lead to recovering of initial values of electrical resistance
that gives an evidence about the preservation of defects and more deep
changes of metal fine structure occurring during the process of self-
irradiation.

3. Behavior of Pu contained ceramics in the process of self-irradiation was also
studied. The behavior of ceramic compositions of homogenized and
heterogeneous types contained Pu oxides and neutron absorbers (Hf ,Gd) in
an amount supplied by the existence of the system without critical mass have
been studied at room temperature during 300-400 days by x-ray diffraction
and positron annihilation methods.[2,3] Some interesting results have been
obtained of samples studied with the structure of monoclinic HfO2 and two
cubic solid solutions of Pu and Hf oxides. These samples permit us to observe
the behavior of three phases simultaneously on one sample. The α-radiation
influence on nonradioactive HfO2 lattice on these and heterogenic type
samples were shown. It was also shown that as Pu contained phases are
changed, so are phases without Pu crystal lattice parameters in the process of
self-irradiation. As a whole the increase of the oxide elementary cell volume
occurred. Based on the positron lifetime spectra analysis of Hf/Pu ceramic, the
presence of several types of defects was defined, and the influence of crystal
lattice type on defect characteristics was shown. Long duration measurements
of Pu-Hf ceramic positron lifetime have revealed the integral spectra
characteristics change (width of spectrum on half of high) depending on self
irradiation time. The increase of the average positron lifetime duration in the
process of sample storage pointed to an accumulation of radioactive defects in
the samples.

Conclusion

The variety of self-irradiation changes in the structure and properties of Pu, alloys
and compounds is illustrated by given data and shows the difference in the
behavior of Pu radioactive decomposition products depending on the nature of
the material.
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Modeling of Delta-Phase Stabilization and Compositional
Homogenization in Pu-1 wt. % Ga Alloys

One of the key issues in understanding the phase stability of Pu-1 wt. % Ga is the
solid-state microsegregation that occurs in cast alloys. This process, referred to as
coring, results in a microstructure consisting of δ-phase Pu grains with Ga-rich
(~1.6 wt. %) cores and Ga-poor (~0.1 wt. % Ga) edges (Figure 1). Coring is pre-
served due to the comparatively slow (4-7 orders of magnitude) interdiffusion of
Ga in δ Pu as compared to that in the ε phase. The Ga-poor, δ-phase edges of as-
cast grains are metastable and can transform to a phase during cold working,
metallographic sample preparation, or storage. Delta Pu can be stabilized
throughout a cored sample by annealing at elevated temperatures (i.e., >300 °C)
for relatively short times (i.e., minutes). Cored grains can be compositionally
homogenized at moderately high temperatures (i.e., >400°C) for longer times
(i.e., minutes to hours). However, the times required to achieve δ-phase structural
stability and chemical homogeneity are not well constrained. Homogenization is
a function of the interdiffusion coefficient for Ga in δ Pu ( D̃ Pu

Ga
δ ), and tracking the

extent of homogenization is important in predicting the behavior of the alloy.
Although D̃ Pu

Ga
δ  has been measured in several careful diffusion-couple experi-

ments [1,2], there has been minimal application of these data toward predicting the
homogenization of Pu-Ga alloys.

In this study, we present the results of analytical models that have been used to
determine the homogenization characteristics of Pu-Ga alloys. Modeling methods
include modified thin film, residual segregation index, and several separation-of-
variables solutions to Fick’s Second Law. The latter technique includes (1) the
sinusoidal model, (2) the equilibrium-profile model, which uses an initial solute
profile developed from the equilibrium phase diagram, and (3) the experimental-
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Figure 1. Measured[3]

and simulated Ga
coring profiles for an
as-cast 50-µm grain
of Pu-1 wt. % Ga.
Undulations in the
profile model results
are a product of the
polynomial curve fits
to the data used in
these models and
disappear rapidly
after simulated
annealing.
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profile model, which uses electron microprobe profiles from grains of as-cast
alloys (Figure 1). We also review the experimental investigations that have used
analytical tools such as x-ray diffraction, density, dilatometry, and electron micro-
probe analysis to characterize Pu-Ga alloy homogenization. Data from these
studies are used as a basis of comparison with modeling results for a range of
grain sizes (10-80 µm) and temperatures (420°C–480°C).

There is a surprising paucity of published data on the homogenization of Pu
alloys, and the data sets that do exist are not systematic or internally consistent.
However, of the five simulation techniques used in this study, the equilibrium-
and experimental-profile models compare most favorably with measured experi-
mental results and are the most useful for predicting alloy homogenization. The
value of the experimental-profile model will be greatly enhanced with the devel-
opment of a systematic and comprehensive data set for δ-phase stabilization and
chemical homogenization.
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Figure 1. HREM
image and electron
diffraction patterns
of Gd2Zr2O7 showing
the transformation
from pyrochlore
(A) to fluorite (B)
structure due to
1.0 MeV Kr+

irradiation. The
order-disorder
transformation is
illustrated in the
schematic crystal
structures.

Radiation Resistance of Gadolinium Zirconate Pyrochlore

The pyrochlore structure-type is a proposed host phase for the immobilization of
plutonium. Previous studies have shown that a wide variety of actinide
pyrochlores can be synthesized., Gadolinium zirconate with the pyrochlore
structure has been shown to be remarkably radiation resistant. We report addi-
tional results of ion-beam irradiation studies.

Samples of Gd2Zr2O7 and three variations from the ideal composition
(Gd2Zr1.8Mg0.2O6.8, Gd1.9Sr0.1Zr1.9Mg0.1O6.85, and Gd1.9Sr0.1Zr1.8Mg0.2O6.75) were pre-
pared by solution combustion synthesis. All samples were confirmed to have the
pyrochlore structure by electron diffraction. Irradiation experiments with
1.5 MeV Xe+ and 1 MeV Kr+ were performed using the HVEM-Tandem Facility at
the Argonne National Laboratory.

All samples, irradiated to a dose of 8.9 x 1015 ions/cm2 (or 16 dpa, assuming
Ed = 50 eV) with 1.5 MeV Xe+ at room temperature, showed no evidence of
amorphization. A similar irradiation series with 1.5 MeV Xe+ on the four samples
was repeated at a temperature of 20 K, and no amorphization was observed after
a dose of 5 dpa. Clearly, compositions in this regime will be extremely stable and
resistant to amorphization under repository conditions, even after reaching high
radiation doses. All the samples experienced an irradiation-induced pyrochlore-
to-fluorite structural transformation, shown by HREM and SAED (Fig. 1).
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Figure 2. Electron
diffraction patterns of
ion-irradiated
Gd2Zr2O7 showing the
diffuse maxima in
addition to the basic
diffraction patterns of
fluorite structure. The
indices are according
to the fluorite
structure.

Figure 3. (A) HREM
image of irradiated
Gd2Zr2O7. (B) Fourier
transformation of the
HREM reveals the
diffuse patterns. (C)
Inverse Fourier
transformation of (B)
using only the
regular Bragg spots
and the diffuse
maxima. (D) The real
diffraction of [110]
zone showing the
same diffuse patterns
as in (B).

Diffuse maxima (Fig. 2) were observed in the electron diffraction patterns of all
samples. The Fourier transformation (Fig. 3B) of the HREM image (Fig. 3A)
showed similar diffuse patterns, as in the real electron diffraction patterns
(Fig. 3D). Inverse Fourier transformation (Fig. 3C) of Fig. 3B using only the Bragg
diffraction maxima and the diffuse maxima revealed nano-sized domains bor-
dered by Moiré fringes, which are the source of the diffuse maxima in the diffrac-
tion patterns. The Moiré fringes can be attributed to overlap of nano-domains.
Because of the strong tendency for simultaneous recovery, rather than
amorphization, in the Gd2Zr2O7 and the heterogeneous nature of the damage by
heavy ions, slightly rotated nano-domains with the fluorite structure form during
irradiation.
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The pyrochlore-fluorite structure can incorporate a wide variety of different
elements. Zirconate pyrochlore also has a superior chemical stability when in
contact with water. The rare earths, particularly Gd, in zirconates are effective
neutron absorbers. The combination of all of these properties with its remarkable
radiation resistance makes Gd2Zr2O7-based material an exceptionally promising
host for the immobilization of plutonium.
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Plutonium Stabilization in Zircon: Effects of Self-Radiation

Zircon (ZrSiO4) is the most thoroughly studied of all candidate ceramic phases for
the stabilization of plutonium.1–2 Self-radiation damage from α-decay of the 239Pu,
which releases a 5.16 MeV α-particle and a 0.086 MeV 235U recoil nucleus, can
significantly affect the structure and properties of zircon (e.g., up to 18% volume
expansion). Two types of synthetic Pu-containing zircons, prepared in 1981, have
provided an opportunity to characterize in detail the effects of Pu decay on the
structure and properties of zircon and to make unique comparisons to observa-
tions of radiation effects in natural zircons.3–4 One set of zircon samples contained
a mixture of 8.85 wt. % 238Pu and 1.15 wt. % 239Pu, while the other set of samples
contained 10 wt. % 239Pu. In both instances, the Pu was substituted directly for Zr,
giving a Zr0.92Pu0.08SiO4 stoichiometry. Initial characterization by XR, found both
samples to be single-phase zircons. The zircons containing 8.85 wt. % 238Pu, with
its 87.7 year half-life, provided a means of accelerating the α-decay rate (i.e.,
damage rate) by a factor of ~250 when compared to the zircons containing
10 wt. % 239Pu. Self-heating in the 238Pu-substituted zircon specimens during
storage has been minimal, and specimen temperatures have been estimated to be
less than 50°C. The accumulated doses in these samples are 2.8 x 1019 and
1.2 x 1017 α-decays/g for the 238Pu- and 239Pu-substituted zircons, respectively.

Self-radiation from Pu decay in zircon results in the simultaneous accumulation of
point defects and amorphous domains that eventually lead to a completely amor-
phous state.3 The swelling in zircon increases sigmoidally with dose and is well
saturated at the highest dose. The saturation swelling increases with decreasing
porosity of the synthesized zircon pellets, from 16.6% swelling for synthetic
zircons with 5.5% porosity to 18.4% for natural zircons (0% porosity). In all cases,
the swelling can be accurately modeled based on the contributions from crystal-
line and amorphous components. The XAS results at the highest doses confirmed
that self-radiation damage had transformed the 238Pu-substituted zircon into a
fully amorphous state lacking long-range order.5 Surprisingly, the Pu LIII-edge
XANES indicated that the Pu in both zircon samples is trivalent. This was an
unexpected result of originally preparing the Pu-substituted zircons under a
reducing atmosphere (oxygen-purged flowing argon). Recent computer simula-
tions using energy minimization techniques indicate that the lowest energy
configuration occurs for a defect cluster composed of two near-neighbor Pu3+

substitutions on Zr4+ sites and a neighboring charge-compensating oxygen
vacancy.6

Detailed X-ray absorption spectroscopy and X-ray diffraction methods have
characterized the short-range and long-range structures of each zircon type.7 The
amorphous state of the 238Pu-substituted zircon is consistent with the loss of long-
range order and edge-sharing relationships between SiO4 and ZrO8 polyhedra.
Despite this, a distorted zircon structure and stoichiometry, which consists of SiO4

and ZrO8 polyhedra that have rotated relative to each other, are retained over
length scales up to 0.5 nm. The recrystallization of the amorphous 238Pu-substi-
tuted zircon could be achieved directly at temperatures as low as 1200°C if heated
rapidly through the intermediate temperature regime where decomposition to
oxides is preferred. The decomposition of amorphous zircon to constituent oxides
observed at intermediate temperatures is probably kinetically limited by Zr
diffusion, which has a lower energy barrier than the polyhedral rotation required
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for recrystallization of the zircon structure from the amorphous state. The oxida-
tion of Pu3+ to Pu4+ in the crystalline 239Pu-substituted zircon during annealing in
air results in a decrease in lattice distortion due to the decrease in ionic radius of
Pu3+ to Pu4+ on the Zr4+ site.

Atomic-scale computer simulations have also been used to study defect accumu-
lation and amorphization in zircon containing 238Pu.8 A kinetic Monte Carlo
simulation has been used that includes the stochastic production of defects in
displacement cascades, the subsequent diffusion of defects, and the identification
of amorphous regions. The displacement cascades in zircon from 234U recoils are
generated using a crystalline binary collision model, and the diffusion of the
defects is followed as they hop stochastically through the crystal lattice. The
simulation results for the amorphous fraction as a function of alpha-decay dose
are in excellent agreement with the experimental results. Furthermore, the simu-
lation results indicate that cascade overlap may be the dominant process for
amorphization of zircon at 300 K; however, the results also suggest that there is a
minor contribution from direct impact amorphization.

References

1. R. C. Ewing, W. Lutze, and W. J. Weber, J. Materials Research 10, 243-246 (1995).

2. E. B. Anderson, B. E. Burakov, and E. M. Pazukhin, Radiochimica Acta 60, 149-151
(1993).

3. W. J. Weber, J. Materials Research 5, 2687-2697 (1990).

4. T. Murakami, B. C. Chakoumakos, R. C. Ewing, G. R. Lumpkin, and W. J. Weber,
Am. Mineralogist 76, 1510-1532 (1991).

5. N. J. Hess, W. J. Weber, and S. D. Conradson, J. Nuclear Materials 254, 175-184 (1998).

6. R. E. Williford, B. D. Begg, W. J. Weber, and N. J. Hess, J. Nuclear Materials (2000),
in press.

7. B. D. Begg, N. J. Hess, W. J. Weber, S. D. Conradson, M. J. Schweiger, and R. C. Ewing,
J. Nuclear Materials (2000), in press.

8. H.L. Heinisch and W.J. Weber, J. Nuclear Materials (2000), in press.



CP532, Plutonium Futures – The Science, edited by K. K. S. Pillay and K. C. Kim,
© 2000 American Institute of Physics 1-56396-948-3/00/$17.0020

Inert Matrix Fuels for Incineration of Plutonium and Transmutation
of Americium

In conventional U-based nuclear fuels, both Pu and higher actinides (mainly Am,
but also Np and Cm) are formed by neutron capture reactions and α- or β-decay.
If a strategy of reprocessing is adopted as in some European nations and in Japan,
the separated Pu can be recycled as (U,Pu)O2 (or mixed-oxide—MOX) fuel. The
high-level liquid waste of reprocessing is presently vitrified. However, the alter-
native of separating the minor actinides from the fission products (partitioning)
and subsequent transmutation in existing reactors or in new dedicated actinide
burners is widely studied as a possible means to reduce the radiotoxicity of the
waste. The separated actinides are incorporated into a U-free fuel, the support for
the actinides being “inert” to actinide formation, i.e., an “inert matrix” with
atomic numbers lower than that of U. Inert matrices can also be used to burn
excess Pu much more effectively than in MOX fuel (“burn” scenario). Further-
more, inert matrices can be used for safe long-time storage or final disposal of
excess Pu (“bury” scenario).1

Requested material properties of candidate matrices are: low neutron capture
cross-sections, large-scale availability at acceptable costs, good thermal properties
(heat capacity, thermal conductivity) and high melting points, good compatibility
against cladding (Zircaloy or stainless steel) and coolant (H2O or Na), good
mechanical properties, good radiation stability and either suitability for currently
used reprocessing methods or good stability in a deep geological repository, i.e.,
high leach resistance for the “bury” scenario. A particular problem needing
extensive research is radiation stability because of the very different physical and
chemical effects of the different radiation sources: neutrons and fission fragments
during reactor operation, hence at elevated temperatures, and α-, β- and γ-decay
events also during storage, hence at low temperatures. Finally, reliable thermody-
namic data (oxygen potential, solubilities, phase diagrams, etc.) must exist to
reliably predict the in-pile behavior under normal and off-normal conditions.

Based on the above criteria, a number of inert matrix candidates were selected,
both ceramics (e.g., (Y,Zr)O2, MgO, MgAl2O4, CeO2, SiC, ZrN etc. for the “burn”
scenario and e.g., (Y,Zr)O2, ZrSiO4, CePO4 etc. for the “bury” scenario) and metals
(e.g., Zircaloy, stainless steel, W etc.). At present, a hybrid ceramic fuel is tested in
Europe, i.e., a fuel containing the actinide in small ZrO2 beads incorporated in a
spinel or MgO matrix, called “cercer” (ceramic-ceramic) fuel. In this way, the
(relatively) good radiation stability against fission damage of ZrO2 and the good
thermal conductivity of the MgAl2O4 or MgO are used. This concept will be
discussed in detail, together with possible solutions to solve the problem of
He-accumulation due to α-decay.

The existing knowledge (and the gaps in the knowledge) in the relevant thermo-
dynamic, physical and chemical properties of these inert matrices are discussed.2

Emphasis is put on radiation damage since some of the materials show very
different responses to the above-mentioned different damage sources. For in-
stance, the spinel MgAl2O4 is shown to be very stable against neutrons and
α-particles whereas it amorphizes and shows significant swelling under the
impact of fission products of fission energy.3 The physical reasons for this behav-
ior will be explained.
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Finally, the questions of reduction of radiotoxicity and of proliferation-resistance
for different “bury” scenarios will be mentioned and the potential of ThO2-based
actinide fuels as “quasi-inert matrix fuels” will be discussed.
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Capability of the MIMAS Process to Convert the Stockpiles of Separated
Plutonium into MOX fuel for Use in LWRs

Introduction

Long-term storage of plutonium separated from fission products is not a good
solution according to the current non-proliferation criteria as well as from an
economic point of view. This material has thus to be converted to the equivalent
of the “spent fuel standard.” Only one technique has so far reached the industrial
maturity necessary to convert the important existing plutonium stockpiles: it is
the use of plutonium to manufacture and irradiate mixed-oxide (MOX) fuel.

After the establishment of peaceful relationships between US and the former
Soviet Union in the early 1990s, US and Russia’s Governments have realized that
it is no longer necessary to maintain a significant stockpile of weapons plutonium.
They have called for this surplus of plutonium to be converted more or less
simultaneously into a nonproliferant status, that is resistant to reuse in nuclear
weapons. It is the intention of Russia to convert weapons plutonium into MOX
fuel to be irradiated in power reactors.

On March 22, 1999, the US Department of Energy (DOE) moved ahead with at
least a first phase of the US disposition effort to convert about 33 t Pu of the excess
US weapons plutonium into MOX and to burn it in commercial US reactors.

Description of the Actual Work

The paper reviews first the existing information over the existing separated
plutonium stockpiles, including the material declared today as excess as a result
of the dismantling of the nuclear arsenals. The transformation into MOX of these
large stockpiles is of an international nature, not only because of the limited MOX
fabrication capacities but also owing to the need of reactors licensed for the use of
MOX fuel. The second part of the paper focuses on the technical potential of the
BELGONUCLEAIRE MIMAS fabrication process for the dry conversion into
MOX fuel of various forms of separated plutonium: investigated parameters
include physical form of the feed material (PuO2 or UO2-PuO2, powder or pellets),
age or americium content, impurities, and the plutonium content of MOX.
Preproduction runs confirm the potential of the MIMAS route for the dry process-
ing of a significant part of the stockpiles.

The present MIMAS process invented by BELGONUCLEAIRE  in the early 1980s
was implemented in 1985. It is the result of the evolution of successive fabrication
techniques developed by BELGONUCLEAIRE to produce pelletized MOX fuel.
The previous processes were used for fuel fabrication for various light water
reactors (LWRs) (i.e., BWR and PWR) and also fast breeders. The MOX fuel
produced according to this route was of adequate quality. However, for use in
LWRs the interdiffusion of Pu and U during sintering was not preventing the
presence of large size high Pu content agglomerates, raising concern for RIA
behavior experience, and with regard to the reprocessing capability in commercial
reprocessing plants currently in operation. It is the reason why MIMAS was
developed.
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The third part of the paper describes the continuous R&D associated with the
supply of MOX fuel in commercial reactors. This R&D work is made through
international programs supported by a lot of organizations. Special attention is
given to the evolution with burnup of fuel neutronic characteristics and of in-
reactor rod thermal mechanical behavior.

Results

Programs are described in the Belgian VENUS criticality facility as well as other
investigations related to fuel rod behavior under normal conditions obtained
through large scale irradiations in various reactors like BR3, DODEWAARD,
BEZNAU-1 and GUNDREMMINGEN and under off-normal conditions, which
are simulated in BR2, OSIRIS, HALDEN and HFR. Important characteristics as
fission products, helium production, actinides inventory, thermal conductivity,
fuel central temperature, pellet-cladding interaction, fission gas release, micro-
structure, are overviewed.

These characteristics demonstrate the good and safe behavior of MOX fuel under
irradiation and the similar behavior of MOX and UO2 with similar burnups. The
MIMAS fuel is now loaded in 36 reactors in Europe and has been supplied for
two Japanese reactors.
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Some Less Conventional Options for Plutonium Disposal

Disposition of weapons Pu (W-Pu) aims at the replacement of military access
restrictions by inherent longlasting technical barriers to make the return into the
weapons state difficult and not rewarding anymore. At the time of the NAS-study
in 1994, two ways were perceived to be mature and selected: Fissioning of W-Pu
as LWR-MOX and the disposal in a vitrified radionuclide-spiked form.1 Both
options since have been questioned for equality, met different acceptance at both
superpowers and showed slow progress. A criterion to measure disarmament
would be the amount of W-Pu in the different proliferation resistant forms,
multiplied by the effort needed for each form to return to weapons quality. From
this it might emerge that small steps done for large amounts of material soon are
more efficient than perfect solutions delayed for years and with limited through-
puts.

At the Obninsk Conference 19942 already different unconventional options were
presented. They centered around advanced fuel cycles and storage forms of
particular long-term stability. Most suggestions could not materialize soon but
required long demonstration phases. This report discusses three out of a series of
other alternatives, which are perhaps not perfect, but can be realized in a rela-
tively short time.

The first one uses plutonium as an alloy fuel with 60% zirconium in LWR, the
second uses the concept of the LW-high converter reactor as a hot plutonium
storage facility, and the third suggests a storage concept of planar plutonium
sources, to make use of its alpha energy, while stored.

40 atom % plutonium-metal forms a malleable (cubic) alloy with zirconium.3

Small amounts of gallium do not interfere. The alloy exhibits a slow and benign
reaction with hot water. Addition of thorium metal as a stand-in for plutonium
does reinforce the corrosion resistance but may not be necessary. Pit metal could
directly be alloyed and rolled into small stripes, which could be aligned by a
simple rolling procedure as an annular cylinder inside a zircaloy cladding robe.
Enough swelling volume could be provided, and the Pu-containing layer would
exhibit some self-shielding to smooth out the reactivity over burnup. The technol-
ogy, dependent on Pu-metal handling like in weapons facilities, would not lead
into MOX plutonium economy. As relative small material volumes would have to
be handled in existing facilities, no major plant building activity would be neces-
sary. After one or two cycles in-pile, the fuel could be stored safely together with
other LWR-fuel.

The second approach was the LW High Converting Reactor. Numerous studies
between 1985 and 19884,5 recommended tightening the standard LWR lattice,
resulting in a much lower water-to-fuel ratio and the utilization of epithermal and
fast neutrons. The studies were made to overcome the delay of the FBR introduc-
tion. Near breeding should be reached within existing PWR pressure vessels.
Reduced safety margins, like in void coefficient, were the apparent shortcomings.
They could be overcome by lowering the burnup goal to about half of the origi-
nally attempted values. An additional plutonium inventory could replace fre-
quent reloading to keep reactivity constant. With these modifications a standard
1000 MW PWR could house 9 to 15 tons of plutonium as a 8%–11% MOX ceramic,
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with or without thorium oxide as a discouraging addition for future reprocessing
in steel-clad, rib-supported fuel rods. The burnup of some 25 MWD/kg would
need only 2 to 3 standard PWR to take the whole load of the 33 tons of Pu to be
inserted as MOX fuel. This “hot plutonium storage” would be particularly prolif-
eration resistant and would also provide valuable data for future PWR develop-
ment. Fuel could be made in a small (e.g., former FBR) facility and is dissimilar to
commercial LWR MOX.

The third approach attempts utilizing Pu-alpha-energy, while in storage. The
technology to produce plutonium radiation standards is well developed. Very
stable thin layers are deposited either on steel or other foil, like aluminum. Layer
formation by deposition methods like electrochemistry or radiocolloides6 are
industrially well established and could produce a large surface with a durable
solid plutonium oxide layer. Foils are rolled and/or folded in a distance-giving
geometry, to let fluids or gases pass over, where chemical reactions are initiated
by radiolysis. One example would be water radiolysis, which gives a small, but
very steady flow of gaseous hydrogen and some hydrogen peroxide. A second
example is irradiation of a beryllium fluoride-ammonium fluoride solution and
use of the alpha,n neutrons, producing via the (Nl5-n,p-C14) nuclear reaction in
the fluid a carrier-free carbon-14 to be separated from the fluid.7 In a tight geom-
etry some fission and capture processes would downgrade the clean 230Pu and
235U with time also. Batteries of such foils would range in the safeguards terminol-
ogy like alpha-waste. Size and dilution would make diversion for weapons
purposes uninteresting. Technical descriptions for experimental setups and
current literature will be given.
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The Electronic Structure and Elastic Properties of the Actinide
Chalcogenides (U,Np,Pu,Am): the Puzzle of AmTe

Most people seem to agree that the 5f state in the uranium chalcogenides is a
relatively broad (about 1 eV wide) band1 and in Cm compounds the 5f state is
localized. We follow the width and hybridization of the 5f states from the uranium
chalcogenides to AmTe. The simple crystal structure and the availability of large
single crystals permitted new and unusual measurements. The electrical transport
properties (measured between dc and optical frequencies), the magnetic suscepti-
bilities and magnetization (between 1K and 1000 K, and between 10 Oe and
100 kOe), and the specific heat and its γ value are correlated to derive the elec-
tronic structure and relative arrangement of p, d and f states. In addition to elec-
tronic properties the elastic and phononic properties are measured and used to
support the electronic structure.

Naturally, measurements on the uranium chalcogenides are abundant.1,2 The
compounds are in a 5f36d1 configuration. Regarding the f states they are trivalent
metals and ferromagnets with ordering temperatures between 178 K for US and
104 K for UTe. Within the uranium chalcogenide series, UTe has the narrowest
5f band, so that effects of hybridization of a narrow f band with a broad d band
become visible, one can observe weak effects of intermediate valence with a
valency near three3 (evidence is a negative c12, to be discussed below). The trans-
port properties are governed by the Kondo effect.

The Np chalcogenides with a 5f46d1 configuration are antiferromagnetic metals
with TN between 23 K for NpS and 30 K for NpTe.2 The magnetic structures are
very complex with multi k-structures. Due to f-d hybridization with an already
narrower 5f band, moment quenching and crystal field effects are very significant
so that NpTe has no long-range order anymore. The optical properties appear
normal as for a trivalent (regarding the f configuration) metal, with a plasma
edge in the visible (NpS) or near infrared (NpTe). No indications of intermediate
valence seem to be present.

In Pu chalcogenides the 5f state is already so narrow (meV wide) that the moment
quenching is total, the susceptibility is a very large temperature independent Pauli
term2 due to a renormalized susceptibility of heavy 5f electrons.4 The nearly free
6d electrons make a plasma resonance in the optical spectrum and cause the vivid
colors—gold for PuS, copper for PuSe and black for PuTe—because in the latter
compound the plasma edge is in the near infrared.5 The Pu chalcogenides are the
high-pressure phase of the corresponding Sm chalcogenides; they are intermedi-
ate valent with a valency of about 2.7+ and a hybridization gap of 2.7 meV in an
already narrow 5f band of 40 meV width.4 Experimentally a g value of 69 mJ/mol
K2 has been measured for PuTe; our renormalized theory 4 yields 20 mJ/mol K2.
The intermediate valence leads to a negative c12 of the elastic constants.

In AmTe the situation has changed completely. The susceptibility is the largest
Pauli term ever observed and can only be explained with an effective mass of
about 1000 m. There is no plasma resonance in the optical spectrum even in the
near infrared, so that the concentration of carriers must be very small, or they
must have a very large effective mass. In a special effort the optical range for the
encapsulated single crystals could be extended into the far infrared, down to meV
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photon energy by using diamond windows.6 There, finally, a plasma edge could
be observed. So the samples are metals, but the carrier mass is extremely large, as
for heavy fermions. The final result is that AmTe (and also the other Am chalco-
genides) are in a divalent configuration with a 5 meV wide 5f band, half filled
with 7 electrons, having an enormous mass, but being separated from the 6d
band by about 0.l eV. Thus AmTe is a new kind of heavy fermion, without hybrid-
ization, because the c12 is positive. A negative c12 is a clear-cut indication of inter-
mediate valence, and this has been tested for about 50 materials, mostly rare earth
compounds.

Using angle resolved Brillouin scattering the dispersion of the sound velocities
(as function of the crystal orientation) could be measured and thus the 3 elastic
constants of a cubic system could be determined. They are displayed for the An
tellurides in the table. The bulk modulus can be calculated B = (c11 + 2 c12)/3 and
is also shown in the table, together with bulk moduli obtained from measuring
the lattice constant with X-rays under pressure. The agreement is very good. The
bulk modulus is a zigzag curve, but the reason for this is the alternatively posi-
tive or negative c12 as shown in the lower part of the table. This in turn is related
with an even or odd 5f occupation and is a consequence of the Luttinger theorem.
AmTe has a very low bulk modulus; it is extremely soft due to the narrow and
half filled 5f band. In AmTe also the TO and LO phonon modes could be deter-
mined, just as the very slow sound velocity.
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In summary a vast amount of physical data has been obtained on the An chalco-
genides up to AmTe, and the gradual narrowing of the 5f band could be ob-
served and interpreted in the series. The elastic properties are used to support
the electronically derived model.
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Phase Transitions in Plutonium: New Insights from Diffraction

We are using the techniques of neutron and x-ray powder diffraction to learn
more about the driving forces for structural transformations in Pu metal. This
research is currently being conducted in three areas: (1) understanding the low
melting point of Pu, (2) measuring the intergranular stresses that arise in solid-
solid phase transitions of Pu, and (3) determining whether the idiosyncratic
crystal structures of Pu are stabilized by Pu atoms in different valence states at
different crystallographic sites.

Recently we showed that the anomalously low melting point of Pu is related via
the Lindemann melting criterion to the temperature dependence of its elastic
properties. The Lindemann criterion states that a metal melts when the amplitude
of thermal vibration exceeds about 8% of the interatomic distance as the tempera-
ture is raised. Although this criterion is quite reasonable and works well for most
of the elements, there has not so far been a theoretical explanation for its success.
In fact, Pu was one of its failures, as the Lindemann criterion predicted a melting
point that was much higher than the experimentally determined value. In other
words, the elastic constants appeared to be too high for the low melting point.
We have resolved this discrepancy by showing that the elastic constants vary
with temperature in just such a way that the elastic constant at the melting point
has decreased enough to predict the correct low melting point. In this work we
have characterized the elastic properties of Pu with the “Debye-Waller tempera-
ture,” which is the temperature characteristic of the temperature dependence of
the intensities of neutron or x-ray diffraction reflections, and our conclusions are
in agreement with those reached on the basis of more conventional elastic mea-
surements.

A second area of research is based on the measurement of diffraction peak broad-
ening to determine the intergranular stresses in Pu as temperature variations
drive the metal through its various phase transitions. The diffraction technique
permits us to determine the microstrain, which is the RMS variation of the local
strains experienced by individual crystal grains. This quantity has a characteristic
anisotropy in crystal space that can be determined by diffraction techniques.
A spectacular effects is observed in δ´-Pu in the δ-δ´-ε sequence encountered in
the heating of pure Pu metal.

A third research area is concerned with the idiosyncratic structures found in
several allotropes of pure Pu and in some of its alloys. For example, the α-phase
of Pu has sixteen atoms in the monoclinic unit cell, and these are disturbed
among 8 distinctly different crystallographic positions in the crystal structure.
The ζ-phase in the Pu-U system is even worse. Why should nature favor such a
complicated structure? Part of the answer comes from electronic band structure
calculations, which show that complicated structures are generally favored by
narrow electronic bandwidths. In the cases where several distinct crystallo-
graphic sites are involved, we have been interested in finding out whether the
atoms on these different sites are in different valence states, and, if so, how these
valence differences contribute to the stabilization of complicated structures. This
work is being conduced by resonant x-ray diffraction studies on the α-phase
structure of Mn metal. Mn is a good model for Pu for this problem, as its struc-
ture includes four distinct crystallographic sites.
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Magnetic Properties of Pu(1-x)Amx Solid Solutions

Introduction

Substitution of plutonium (Pu) by so-called deltagen elements (Ga, Al, Am, Ce...)
allows us to stabilize the high-temperature expanded fcc δ-phase of Pu at room
temperature or down to 4 K, depending on the concentration of the deltagen.1 The
nature of this stabilization is still a question of fundamental interest. It is possible
to separate the deltagen elements in two sub-classes:

atoms smaller than Pu atoms (Ga, Al...);

atoms larger than Pu atoms (Ce, Am).

In the first case, the stabilization of the expanded δ-phase (compared to the a-
phase) necessarily involves electronic effects (5f-p hybridization) which have been
observed in particular by EXAFS.2 In the second case, and especially in the case of
Am, the 5f electrons are well localized and its valence band is the same as Pu one.
One thus expects only a steric effect.

Experimental

Six Pu(1-x)Amx alloys were prepared with Am content ranging from 6 to 25 at. %.
The Am content was determined both by chemical analyses and X-ray
microanalysis. Cell parameters, deduced from X-ray diffraction, are in agreement
with published data.3 These are compared to a Vegard’s law considered between
δ-Pu and β-Am lattice parameters (extrapolated to room temperature). Suscepti-
bility measurements were performed on a Faraday-type balance. Before measure-
ments, the samples were confined in a silica tube (first confinement) and in an
aluminum tube (second confinement), both laser sealed. A gold shield was
inserted between the two confinements to reduce the magnetic susceptibility of
the sample holder and to limit the Am γ-irradiation. Before confinement, samples
were electropolished in order to remove surface oxides and possible other
impurities.

Results and Discussion

The magnetic properties of the six binary Pu(1-x)Amx alloys have been studied from
4 K to 300 K in fields up to 1.8 T. A typical susceptibility versus temperature curve
(χ(T)) is presented in Figure 1. For the analysis of the susceptibility, it is assumed
that the two contributions of Pu and Am are additive. Indeed, the 5f electrons of
Am being localized, the J = 0 (5f6) configuration gives rise to a Van Vleck suscepti-

bility, independent of its environment. It is then assumed that, in a Pu(1-x)Amx solid

solution, χ
χ χ

δ
β

−
−=

− ⋅
−Pu

mes amx

x1
  where χmes is the measured susceptibility of the

solid solution. χβ-Am is supposed to be close to χα-Am since the susceptibility is a
Van Vleck one (χα-Am.~3.32 emu.g-1).4 In the example of Figure 1, this leads to a
susceptibility of χδ-Pu = 2.37.10-6 emu.g-1 at room temperature (very close to the
pure α-Pu value). The evolution in χδ-Pu(T) with Am concentration will be dis-
cussed with respect to 5f localization in Pu.
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Moreover, it can be seen in Figure 1 that, below 65 K, the behavior is anomalous.
Comparison with results obtained on pure two-years aged α-Pu, before and after
annealing, leads to tentatively attribute this anomaly to self irradiation effects.
Annealing effects on the susceptibility of Pu(1-x)Amx solid solutions will be also
presented and discussed.
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X-Ray Magnetic Scattering from Transuranium Systems

The magnetic scattering of x-rays is a weak process, difficult to observe even with
present day synchrotrons if heavy elements, with their associated high absorption
cross sections, are used. A decade ago it was discovered that by tuning the photon
energy to an absorption edge there is often a large enhancement of the magnetic
signal. Some of the largest signals are, in fact, found at the M edges (which lie
around 4 keV) of the actinides. This is because these resonant energies signify
transitions from core 3d to empty orbits in the 5f shells, and it is electrons in the 5f
shells of the actinides that give rise to their magnetism.

Many experiments have now been done on uranium compounds. We first ex-
tended this technique to Np at Brookhaven National Laboratory (BNL) in 1994
[1], and recently a number of Np systems [2,3] have been examined at the Euro-
pean Synchrotron Radiation Facility in Grenoble. These measurements probe the
electronic structure of the actinide. An important additional feature as compared
to either bulk or other diffraction (i.e. neutron) techniques is that the technique is
element specific. For example, we have measured separately the temperature
dependence of the U and Np ordered moments in the solid solutions
(U,Np)Ru2Si2, and they are not the same for the two actinide ions [3].

A further advantage of the technique is that only very small crystals are required.
For example, samples are often less than 1 mg, and we have detected quantities of
actinide at the microgram level.

Recently we have extended the technique at BNL to Pu compounds. This caused
initially some difficulty due probably to the chemical products produced by
radiolysis of the surrounding organic glue by the Pu alphas [4]. However, the first
successful results were obtained in 1999 [5]. Interestingly, there is an additional
feature in the Pu energy spectrum at the M5 resonance that may be related to the
hybridization of the Pu 5f states with the p states of Sb. This has not been seen
previously in actinide materials. More experiments will take place in 2000.

We will discuss some of these results and what they bring to our basic under-
standing of the behavior of the 5f electrons in transuranium systems.

Some of the high-purity Np and Pu metal required for the fabrication of these
compounds was made available through a loan agreement between Lawrence
Livermore National Laboratory and EITU, in the frame of a collaboration involv-
ing LLNL, Los Alamos National Laboratory, and the US Department of Energy.
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The Stabilization of fcc Plutonium: A Solid-State-Solution-Like Phase of
Stable and Fluctuating Configuration Plutonium

It has been evident for some time that the unusual structural behavior found in
plutonium is related to the localization mechanism for the 5f electrons in going
from alpha to delta plutonium. The atomic volume1 expands by sharply defined
steps at the alpha-to-beta, beta-to-gamma, and gamma-to-delta transition tem-
peratures. Here we explain this behavior on the basis of a multistep 5f localization
process involving spatially nonuniform localization. That is, we suggest that a
disordered array of two types of plutonium on crystallographically equivalent fcc
sites breaks the translational symmetry and provides an entropy generating
mechanism that drives the transition to the delta structure. The two types of
plutonium sites are first the fluctuating para (spin-singlet two-electron state) sites,
at which the number of localized f electrons fluctuates between f 4 and f 5 because
of hybridization with non-f band electrons, and second the localized ortho (spin-
triplet two-electron state) sites, at which the number of localized f electrons
remain stable at f 5. It is the entropy of mixing between these two types of sites
that drives the thermal stepwise transition from the monoclinic alpha ground
state to the face-centered-cubic delta phase.2-5

This is a type of Anderson (disorder-induced) localization6 and is self-induced in
pure Pu when atoms on some sites assume an occupied ortho state (the f electrons
at these sites are almost fully localized) and thereby provide sufficiently strong
scattering of the itinerant 5f electrons originating from the remaining sites (with
fluctuating 5f configuration) so that these itinerant electrons lose their coherent-
wave character, while the plutonium atoms at these remaining sites retain a
fluctuating (para) 5f configuration. This partially localized phase is stabilized
against total localization by maximizing the entropy gain and thereby lowering
the free energy. Likewise, this self-induced partial localization replaces 5f bonding
when it lowers the free energy relative to the coherent 5f bonding that it destroys.
Presumably which sites are ortho and para will vary with time, but with a mean
time sufficiently long to establish a configurational free energy and hence entropy.

For unalloyed Pu, maximizing the entropy favors exact bifurcation into the two
types of sites. If Ef bond denotes the f-electron contribution to the bonding energy
per atom in mRy, then the temperature at which we would observe the delta
transition, considering only the entropy change from the site disorder, is given by,

TAloc ∪158Efbond/ln2 ∪228Efbond (1)

At this temperature, the loss of bonding energy per atom would be balanced by
the increase in entropy per atom. Equation (1) predicts that the delta transition at
592 K corresponds to a loss of 5f bonding energy per atom of 2.6mRy, which falls
at the expected value about 1percent of the7 total cohesive energy per atom.

For gallium (or other IIIB elements) substituted in plutonium the valence 4p
electrons from the gallium compete with the plutonium 5f electrons to hybridize
with the plutonium 6d band electrons. This not only effectively decreases the 6d
hybridization per Pu 5f electron, it provides a severe disordered disruption of the
6d-mediated 5f banding; and the effect is to localize the 5f electrons, thereby
stabilizing the delta structure at low temperatures. Given the highly nonlinear
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nature of the effects of alloying in driving the restructuring of the ground state,
the nucleation of localized sites by the addition of gallium is likely to give rise to
an avalanche effect, with the formation of randomly located stable f 5 (ortho) Pu
sites further breaking up the f bonding coherency between the fluctuating f 5/ f 4

Pu (para) sites. The Ga-Pu bond shortening observed8 by extended x-ray absorp-
tion fine structure (EXAFS) and x-ray diffraction has a minimum near or at the
7.7 percent Ga corresponding to one Ga for every 12 Pu. It is possible that the
avalanche effect provides an explanation for the increase in bond shortening
beyond 7.7 at % by providing a reinforcement of the effect of the Ga nucleation
centers in breaking up the Pu-Pu bonding.

Delta-stabilized (fcc) plutonium (which does not have magnetic ordering) and
similarly behaving uranium magnetically-ordered materials share the experimen-
tal signature of the solid-solution-like two-site phase, a high-temperature mag-
netic susceptibility that combines Curie-Weiss and enhanced Pauli-like contribu-
tions.9,10 A possible way to quantify the distribution between para and ortho
plutonium as a function of gallium content is based on the prediction that an
increase of hybridization (with consequent increase in number of para sites)
would lead to an increase in the Pauli-like paramagnetic component, and a
corresponding decrease in the Curie-Weiss component. This behavior is presently
being experimentally validated for a number of magnetically-ordered uranium
compounds.
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Electronic Structure of α- and δ-Pu from PES Measurements

Despite extensive work over several decades, the electronic structure of Pu in its
various allotropes is not yet understood in detail. It is generally accepted that
f-bands in α-Pu are strongly hybridized with 6d bands, and moreover that there
may exist direct f-f overlap, while in δ-Pu there is a much greater tendency
toward localization of the 5f electrons. Since photoemission spectroscopy (PES) is
the most direct experimental tool for probing the electronic structure of materials,
it is utilized to observe the assumed differences described above. We report PES
results on α- and δ-Pu using a laser plasma light source (LPLS) as well as HeI and
HeII radiation. Surprisingly, we find only minimal differences in the electronic
structures of α- and δ-Pu (except near the Fermi energy) despite large differences
in structural and mechanical properties.

The LPLS (together with HeI and HeII) provides photon energies from 21.2 to
140 eV in a bench-top laboratory system. The surfaces of the specimens were
prepared by laser ablation through a quartz window. With this technique the
surface can be ablated (and simultaneously annealed) while the sample is at
cryogenic temperatures so that any impurities in the bulk do not re-migrate to the
surface after cleaning.

In Fig.1 we show EDCs for the two Pu allotropes using HeII radiation with the
specimens at 80K. At a photon energy of 40.8eV the 6d and 5f cross sections per
electron are nearly equal so that we obtain a good representation of the DOS in
the PES spectra. With the exception of the feature near the Fermi energy, the
spectra nearly overlay each other. There are some very subtle differences in the
–2 eV range (possibly related to a two hole satellite in δ-Pu), which require fur-
ther investigation. The intensity at about –6eV is due to adsorbed oxygen from
the edge portions of the sample not fully cleaned by ablation.

A. J. Arko, 
J. J. Joyce, 
L. Morales, 
J. Wills,
J. Lashley
Los Alamos National
Laboratory, Los
Alamos, NM  87545,
USA

-8 -6 -4 -2 0 -1.5 -1.0 -0.5 0 0.5
Energy Below EF(eV)

(a) (b)

hν = 40.8 eV

T = 80 K

Energy Below EF(eV)

α-Pu
δ-Pu

α-Pu
δ-Pu



39 PresentationsCondensed Matter Physics

In the expanded view in Fig. 1b where only the near EF data are shown, we find
the only truly significant and understandable differences between α-Pu and
δ-Pu in the valence band data. In particular, the sharp feature in δ-Pu (FWHM
≤ 100 meV) is clearly much narrower than that found in α-Pu (FWHM ≥ 200 meV)
and, to within our resolution, crosses EF, while the much broader peak in a-Pu
reaches maximum intensity at about 50 meV below EF. This is consistent with the
larger specific heat γ-value of δ-Pu [27] relative to α-Pu.

Data taken at 21.2 eV light (HeI radiation), where one should be sensitive to
δ-electron emission (as well as greater bulk sensitivity), are very similar to those
of Fig. 1. Indeed, they are similar at all hn. Thus it is reasoned that the sharp
features at the Fermi energy in both α- and δ-Pu must contain substantial 6d
admixture and are bulk related. Only the intensity in the –1 eV range increases
more rapidly with hν than the near-EF feature, and is thus assumed to be of purer
5f character. This is different from typical 5f materials, such as the spectra of
antiferromagnetic Np As shown in Fig. 2, where the 5f intensity is clearly identifi-
able and separated from the 6d intensity, and whose intensity increases dramati-
cally relative to the 6d features with hn.

Comparisons will be made to band calculations where at present the constrained
LDA calculation for δ-Pu yields somewhat better agreement with experiment than
the non-constrained LDA calculation for α-Pu. The dissagreements are presently
not understood.
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Table I. The Elastic
Moduli of Pu-3.3
at. % Ga δ-Phase at
Ambient
Temperature as
Measured by
Moment and
Ledbetter.

Resonant Ultrasound Studies of Pu

The measurement of elastic moduli can provide crucial input to fundamental
descriptions of the electronic structure and thermodynamics of Pu because elastic
moduli play a leading role in determining how thermal energy is distributed
among internal vibrations, which, for the most part, control the entropy at ambient
temperatures and above. In addition, elastic moduli are important parameters for
engineering processes related to the fabrication and function of Pu components
and are often the most sensitive of physical parameters to changes in material
properties with age, composition or temperature. We describe here the rationale,
techniques, and results for recent studies of the elastic moduli of Pu.

The fundamental electronic structure of a homogeneous solid determines, of
course, all of its properties. However, it is not, at present possible to perform an
ab initio electronic structure calculation at finite temperature with anything ap-
proaching an accuracy adequate to explain completely such things as structural
phase transitions as in Pu metal.

We can, however, compute the elastic (harmonic phonon) entropy for Pu, by far
the largest part but a 3-D phonon average Θ0= Σωaverage/kb is needed. At tempera-
tures such that kbT/Σ>>wmax, the highest phonon frequency, all the phonon modes
are fully populated and we define Θ0 by

TS ≈ 3 NkbT[1+ln(T/Θ0)]. (1)

Equation 1 describes the total vibrational entropy of a solid of N atoms at high
temperatures, and can be calculated for Pu from a measurement of the speed of
sound at all wavelengths and in all directions.

This simple approach, especially in the high temperature limit, can quickly estab-
lish if a theoretical model is sufficiently robust to be worth pursuing. For Pu metal,
a mysterious material with at least five zero-pressure stable phases, electronic
structure calculations predict with reasonable certainty the low-temperature
monoclinic α phase, but have considerable difficulty with the two highest tem-
perature structures, fcc δ and bcc ε. Can we understand why quantitatively from
sound speed measurements?

Although the pure fcc phase is not stable at temperatures below 583 K, the addi-
tion of 3.3 at. % Ga will stabilize that phase with very few, if any, side effects at
room temperature, so that not only can single crystals be grown, but measure-
ments can be made as well. The only known single crystal elasticity data (Table I)
for Pu 3.3 at. % Ga, were taken by Moment
and Ledbetter in 1975. They found the
utterly surprising result that Pu has the
highest shear anisotropy and lowest bulk
modulus of any fcc metal. An interesting
unanswered question raised by their work
was an accurate prediction for the polycrys-
tal averages. More recently we have made high-accuracy resonant ultrasound
spectroscopy (RUS) measurements on polycrystal samples with varying Ga con-
centrations, the first such measurements since 1975. In Figure 1 we show typical

c11 36.28±0.36 GPa

c44 33.59±0.11 Gpa

1/2(c11-c12)=c*  4.78±0.38 Gpa
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Figure 1. Top: Typical
resonances of a Pu
3.3 at % Ga new
chill-cast polycrystal
sample. The
sharpness of the
modes will enable
real-time studies of
the aging of 239Pu.
Right: apparatus
typically used for
such RUS
measurements.

Table II. A summary
of ours and other
measurements of the
elastic moduli of Pu.
Our results are
shown in bold. All
measurements were
at ambient
temperature. Error
bars where not
noted for our
measurements were
less than 1% for c11

and less than 0.3%
for c44.

resonances for Pu and the apparatus used. Interestingly enough, radioactive
damage appears to be a stronger effect than Ga concentration, as shown in Table
II, where we compare a Kroner average of the single crystal data to our measure-
ments. Note the extremely good agreement between samples of the same age and
composition, an encouraging result for accurate thermodynamic analysis. These
results indicate directly and quantitatively that aging effects associated with Pu
and its radioactive decay processes are present.

Sample C11 (GPa) Bulk(GPa) Shear (GPa)
single crystal δ-Pu 3.2 at.% Ga new 51.4 29.9 16.2
polycrystal δ-Pu 1.73 at. % Ga 15y 47.5 26.7 16.3
polycrystal δ-Pu 2.36 at. % Ga new 52.3±0.15 30.6 16.3±0.006
polycrystal δ-Pu 3.3 at. % Ga new 51.8±0.44 29.6 16.7±0.018
polycrystal δ-Pu 3.902 at. % Ga 15y 58.4 34.3 18.1
polycrystal δ-Pu 5.53 at. % Ga 44y 50.0 27.0 17.2
cast α-Pu (Laquer) 104.6 46.6 43.5
cast α-Pu (new) 109.1 55.8 40.0
cast α-Pu (DeCadenet) 109.0 54.5 40.9
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More recently, analysis of diffuse neutron scattering data by Roder and Dimitrov
has produced tentative force constants. Although these data have serious prob-
lems associated with container wall corrections and neutron absorption by 239Pu
impurities, an estimate can be made using sound speeds as initial slope con-
straints. From this we obtain Θ0 =84K, yielding a value for TS=625meV/K. There
are, however, specific heat data available for this system from which the actual
entropy can be calculated, including electronic and other components. These
data, analyzed by Wallace, show that at the δ−ε phase boundary in the δ phase,
TS =740 meV/atom. The difference, 115 meV/atom, though not expected to be
very accurate just yet, is probably a good (and the first) measure of the entropic
contribution of the free electrons. It is this number that must be dealt with via
electronic structure calculations, not 740 meV/atom, a much easier task. From this
analysis, it is very likely that it is not the details of the electronic structure that
stabilize the high temperature phases of Pu, but in fact it must be vibrational
entropy.
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Aquatic Chemistry of Actinides: Is a Thermodynamic Approach
Appropriate to Describe Natural Dynamic Systems?

The worldwide civilian use of nuclear energy generates yearly about 11,000 tons
of spent-fuel from 433 nuclear power plants (NPP) in operation for the moment
with an installed capacity of approximately 350 GWe (36 NPP are being under
construction). This contributes to the world electricity production about 17%. The
hitherto discharged spent-fuel is estimated to be around 220,000 tons, which
contain about 1,400 tons of plutonium and a considerable amount of minor ac-
tinides and fission products. The total quantity of long-lived radioactive elements,
mostly actinides, increases steadily. The foreseeable solution for their isolation
from the biosphere is a geological disposal with safe confinement. The long-term
safety assessment of such containment entails well-founded knowledge on the
aquatic chemistry of actinides, most of all, their thermodynamic properties in the
geochemical environment.

A thermodynamic approach is indispensable for the appraisal of the chemical
behavior of actinides in natural aquatic systems. However, the real natural sys-
tems are dynamic and “open” for a variety of geochemical reactions. Actinide ions
exposed once to natural dynamic systems undergo a multiplicity of nanoscopic
chemical reactions, in which individual processes may not be equilibrated or may
appear irreversible. For the assessment of such complexities, a challenging ques-
tion arises indubitably: “Is a thermodynamic approach capable of describing the
actinide behavior in natural dynamic systems?”

Actinides to be disposed of are immobilized in different solid phases, called
engineered barriers, which are then contained by back-fills known as geo-engi-
neered barriers and further by natural geological barriers. Whatever the perceived
scenarios are to come after disposal, the long-term performance assessment of
such a multi-barrier system necessitates the quantification of the geochemical
behavior of individual actinides in the environment of each barrier. The two
characteristics are recognized for actinides in aquifer systems: the oxidation state
specific chemical behavior, namely M(III), M(IV), M(V), and M(VI), on the one
hand and the chemical reactions governed by the effective charge of individual
ions on the other hand. These characteristics can be followed as a primary guide
for understanding their general chemical behavior in both laboratory and natural
systems. Under reducing conditions, which are mostly the case for deep aquifers,
actinides of M(V) and M(VI) become reduced to M(III) or M(IV). Actinides of
M(III) and M(IV) are sparingly soluble in water at neutral pH, and these particular
chemical properties lead to their strong tendency toward the so-called pseudo-
colloid formation. How can such processes be quantified? Can it be delivered by a
thermodynamic approach?

Whatever the engineered barriers are made of, they are thermodynamically
unstable in the near-field environment once water comes in contact with them
and they undergo a variety of geochemical reactions. Solid phases of waste are
first subject to corrosion, leaching and dissolution of individual components, the
processes of which generate the new secondary solid phases that appear to be
stable thermodynamically as compared to the primary solid phases in the near-
field environment. Upon the phase conversion of engineered barriers, the ac-
tinides dissolved are submitted to hydrolysis, complexation, redox-reaction and
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colloid generation, and largely immobilized by incorporation into the secondary
solid phases that are partially equilibrated in the new environment. Under these
conditions the chemistry of actinides in the aqueous phase is submerged into the
geochemical condition evolved from water interactions with waste, backfill and
surrounding geological matrices. Taking into account these conditions the source
terms of individual actinides are to be quantified. How far is a thermodynamic
approach capable for such quantification?

The so-called “Kd-concept” is often used to calculate the migration behavior of
individual actinides in a given aquifer system. Since Kd is a simple operational
parameter, which depends on various unknown geochemical effects involved, it
has no solid thermodynamic foundation, and its applicability to the long-term
performance assessment has become the subject of controversial debate. An
alternative to the Kd-concept is to evaluate thermodynamic parameters for the
complexation of individual radionuclides onto the surface of geo-matrices. This
can be realized by the study of sold-water interface reactions for a given actinide
ion on a number of single minerals and thereafter by a combination of the results
proportionally into a composite model. The development of such a surface
complexation model is in progress in a number of laboratories worldwide. Is such
a model conceived for actinides applicable to natural dynamic systems?

The paper summarizes the present state of available thermodynamic approaches
that can be applicable for the performance assessment of multi-barrier systems.
Limitations of the approaches, as perceived for the moment, are to come into
view simply as repercussions of the present discussion. To provide an overview
on a multiplicity of convoluted chemical reactions in natural systems, the present
discussion is separated into the following three areas:

• Laboratory systems (closed system),

• Natural dynamic systems (open systems),

• Applicability of laboratory knowledge to natural systems.

Along these subject areas, detailed discussion is further directed to the speciation
of actinides in solution, in solid phase and in solid-water interface interaction for
laboratory systems, and additionally to the quantification of source terms in the
near-field and the migration behavior in the far-field.
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Sorption of Plutonium onto Clinoptilolite (Zeolite) Colliods

Introduction

Colloids may play a major role in the migration of radionuclides e.g., plutonium
from nuclear waste disposed of in a geologic repository.1 Recent work by Kersting
et al. (1999), detected plutonium 1.3 km from an underground nuclear test at
Nevada Test Site (NTS), from which it was originally deposited.2 The plutonium
was associated with colloids that may enhance the transport of plutonium in the
groundwater. These colloids consisted mainly of zeolite (mordenite,
clinoptilolite/heulandite), clays (illite, smectite) and cristobalite (SiO2).

The Environmental Protection Agency (EPA) found that plutonium deposited
near Maxey Flats, Kentucky, had migrated hundreds of feet in less than 10 years3

In addition, plutonium was also detected in groundwater from test wells in West
Valley, New York, suggesting that the plutonium had moved more than 50 feet in
less than 25 years.4 These field observations raise a number of questions regarding
the dominant mechanisms that may control the plutonium migration. Kersting et
al. (1999), suggested that the plutonium might sorb to colloids (zeolites or clays).
In order to test this hypothesis, it is important to understand the effect of
plutonium sorption and desorption onto the existing colloids found in NTS
groundwater.

In the present work, we have performed a series of laboratory batch sorption
experiments of plutonium (IV) on zeolite (clinoptilolite) colloids to understand
the role of colloids in the transport of plutonium under groundwater conditions
similar to those found at the NTS.

Experiments

Laboratory batch experiments were carried out at room temperature to evaluate
the effect of time, plutonium concentration and pH on the sorption of Pu(IV) onto
clinoptilolite colloids.

Water samples were collected from a well (WW-20) located on the NTS that has
water representative of the water hosted in the volcanic aquifers at the NTS. The
samples were filtered prior to use. The chemical analysis of the water indicated
the presence of HCO3 (110 ppm), Na (60 ppm), SO4 (32 ppm) and Si (21.9 ppm),
the pH and the conductivity were 7.96 and 296 mS/cm, respectively.

Colloid particles were prepared in WW-20 water by grinding a pure amount of
clinoptilolite. Final concentration and particles size were 0.3mg/ml and of
90 ± 10 nm, respectively. Plutonium (IV) concentration was 5x10-9 M.

The zeta potential and the size variations of the colloids were measured as a
function of pH by electrophoretic light-scattering and photon correlation spectros-
copy (PCS), respectively.
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Results

The zeta potential of the colloids was always negative for pH ranging between
2.7 and 10.5. This negative charge is assigned to the progressive deprotonation of
the surface of the colloids as the pH increased. The size of the particles increased
at the lower pH range, from the original 90 nm of the starting material to approxi-
mately 342 nm indicating a partial coagulation of the colloids at low pH where
their surface charge is minimum.

Using the software Mineql+, we determined the speciation of plutonium Pu(IV)
in WW-20 water as a function of pH. Pu(CO3)4-4 and Pu(CO3)6-5 are the domi-
nant species around pH 8.

At the WW-20 water pH (8), the clinoptilolite colloids have a negative charge, a
size of 90 nm and Pu(IV) is highly carbonated.

A kinetic study showed that the Pu(IV) sorption reached the equilibrium after
four days. It was found that the sorption was dependent of the pH variation, e.g.,
the sorption ratio increased from 30% to 90% as the pH increased from 2.4 to 11.8
for a concentration of Pu(IV) equal to 5x10-9 M.

We are presently fitting the sorption data to several surface complexation models
using the FITEQL code.5 Initial data fits indicate that the sorption is comparable to
Pu(IV) sorption to smectite reported by Sanchez. 6
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Actinide (Pu, U) Interactions with Aerobic Soil Microbes and
Their Exudates: Fundamental Chemistry and Effects on

Environmental Behavior

To understand the environmental behavior of metals we must consider a tremen-
dous range of phenomena, from simple individual reactions, such as ligand
complexation and solubility equilibria, to quite complicated and collective pro-
cesses, such as metal-mineral-microbial interactions. Because of pressing contami-
nation problems at DOE sites and the paucity of relevant actinide chemistry
knowledge, research is needed in this entire range of science. The determination
and evaluation of key thermodynamic data for actinide species and the develop-
ment of geochemical, hydrological, and environmental transport models are
progressing. In contrast, we know almost nothing about how actinides interact
with microorganisms. Ubiquitous microorganisms can absorb, reduce, oxidize,
solubilize, or precipitate actinides, thereby affecting their speciation, solubility,
bioavailability, and migration. These effects are due to both direct and indirect
interactions, such as sorption to the cell wall and reaction with microbial
byproducts, respectively. Our goal is to fully characterize specific microbial-
actinide interactions, both to develop this area of fundamental research and to
determine how the interactions may be exploited to affect environmental actinide
mobility/immobility and remediation efforts.

We are initially studying the interactions of plutonium and uranium with very
common aerobic soil bacteria with focus on binding by extracellular polymers and
complexation and uptake by siderophores. Extracellular polymers are produced
by microorganisms for a variety of functions, including surface adhesion, nutrient
acquisition, and desiccation protection. Siderophores are excreted by microorgan-
isms to acquire Fe(III) and transport this nutrient across the cell wall. Both of these
naturally-produced chelators have the potential to strongly bind actinide ions.
The specific systems we are studying include (1) the polyglutamic acid polymer of
Bacillus lichenformis and the previously uncharacterized polymer of Rhodococcus
erythropolis and (2) siderophore complexation and uptake using Streptomyces
pilosus, which produces desferrioxamine B (DFB, Figure 1), Pseudomonas stutzeri,
which produces desferrioxamine E (DFE), and Rhodococcus rhodochrous strain OFS,
which produces a previ-
ously uncharacterized
siderophore. Results on
each of these systems and
implications for the envi-
ronmental behavior of
actinides will be presented.

One of the first questions
we addressed is, “To what
extent can these strong
chelating agents solubilize
generally insoluble Pu(IV) phases?” Counter to conventional wisdom, we have
shown that stability constants are not sufficient for predicting solubilization.
Surprisingly, the siderophores DFE and DFB do not readily solubilize Pu(IV)
hydroxide or oxide. They are 100 times slower than EDTA, despite having signifi-
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Figure 1. DFO-B and
DFO-E
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cantly higher solution Pu(IV) com-
plex formation constants. Despite
being unable to rapidly solubilize
Pu(IV), desferrioxamine-Pu(IV) com-
plexes are thermodynamically fa-
vored.  No matter what oxidation state
of Pu is present intially (III, IV, V, VI),
desferrioxamines rapidly and irrevers-
ibly form the Pu(IV)DFO complex at
environmentally relevant solution pH.
We have crystallized a Pu(IV)-DFE com-
plex (Figure 2) thereby performing the first
characterization of Pu(IV) complexed by a
biomolecule. Initial bacterial uptake studies show
that Pu-DFB and Fe-DFB have similar uptake
profiles, suggesting
Pu-DFO complexes are taken up by
bacteria.

We have optimized production and purification of the siderophore of Rhodococcus
rhodochrous. 1H-NMR spectroscopy shows that there are two distinct catechols in
the siderophore in a 1:1 ratio. Mass spectral results confirm the catecholate
functionality and are consistent with a siderophore composed of
2,3 dihydroxybenzoyl arginine. Metal binding experiments with Fe(III) and
Pu(IV) have been completed.

We have optimized the production and purification of the exopolymers
produced by Bacillus lichenformis and Rhodococcus erythropolis. The B. licheniformis
polymer has a molecular weight of approximately 800 KDa, with approximately
6200 subunits. The R. erythropolis polymer has been identified to be a polysaccha-
ride composed of glucose, mannose, pyruvic and glucouronic acid with a mo-
lecular weight of approximately 900 KDa. We have studied the structural and
chemical behavior of the B. licheniformis polymer. The surface charge of this
polymer varies with ionic strength and ion type with behavior very different
from that typically measured for mineral surfaces. The polymer forms a water
soluble U(VI) complex at 1: 10 U:glutamate ratios, but forms insoluble complexes
at lower ratios. The conformation of the polymer changes (helical to beta) with
varying metal binding, pH, and ionic strength. We have determined the metal ion
capacity for Fe(III), Pu(IV) and U(VI) and found the polymer binds 0.38 umol
Fe(III) per milligram of polymer and approximately one third less Pu(IV).

Figure 2. ORTEP of
Pu(IV)DFO-E complex
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The Interaction of Plutonium with Bacteria in the Repository Environment

Microorganisms in the nuclear waste repository environment may interact with
plutonium through (i) sorption, (ii) intracellular accumulation, and (iii) transfor-
mation of chemical speciation. These interactions may retard or enhance the
mobility of Pu by precipitation reactions, biocolloid formation, or production of
more soluble species. Current and planned radioactive waste repository environ-
ments, such as deep subsurface halite and granite formations, are considered
extreme relative to life processes in the near-surface terrestrial environment. There
is a paucity of information on the biotransformation of radionuclides by microor-
ganisms present in such extreme environments. In order to gain a better under-
standing of the interaction of plutonium with microorganisms present in the
waste repository sites we investigated a pure culture (Halomonas sp.) and a mixed
culture of bacteria (Haloarcula sinaiiensis, Marinobacter hydrocarbonoclasticus,
Altermonas sp., and a g-proteobacterium) isolated from the Waste Isolation Pilot
Plant (WIPP) site and an Acetobacterium sp. from alkaline groundwater at the
Grimsel Test Site in Switzerland.

We examined the effects of various concentrations of 239Pu-perchlorate and 1:1
239Pu-EDTA(ethylenediaminetetraacetic acid) (10-8 to 10-6 M) on the growth of pure
and mixed cultures of halophilic bacteria grown in medium containing 4 M NaCl
and 1.7 M NaCl/1.4 M MgCl2, respectively, under anaerobic (denitrifying) condi-
tions. In addition, to eliminate effects of growth media and pH change on Pu
speciation, experiments were performed with washed resting cells of Halomonas
sp. suspended in high ionic strength solution and Acetobacterium sp in low ionic
strength solution and contacted with 10-11 to 10-9 M 241Pu-nitrate at a constant pH
of 5.

Figure 1 shows 239Pu association with the cells of Halomonas sp. and the mixed
culture during growth in the presence of various concentrations and forms of Pu.
During the growth of Halomonas sp., the pH of the medium changed from 7.0 to
8.5 as a result of bacterial action. Plutonium association with the bacterial cells
was determined by separating the cells after filtration through a 0.4 µm membrane
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Figure 1. Uptake
of various
concentrations of
239Pu by a growing
culture of
Halomonas sp. and a
mixed culture of
halophilic bacteria
(Haloarcula
sinaiiensis,
Marinobacter
hydrocarbonoclasticus,
Altermonas sp., and
a γ-proteo-
bacterium).
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filter and analysis of Pu in solution before and after filtration. Samples containing
Pu but without bacterial cells were used as controls. Halomonas sp. sorbed 0.013 to
2.1 x 10-8 mol Pu added as perchlorate per mg cells dry wt., and 0.057 to 0.99 x 10-8

mol Pu added as the EDTA complex per mg cells dry wt., depending upon the
concentration of Pu added. On the other hand, with the mixed culture the pH of
the medium did not change and remained constant at 6.5. The mixed culture
sorbed 0.05 to 5 x 10-8 mol Pu added as the EDTA complex per mg cells dry weight.
Toxicity of Pu to both the pure (Halomonas sp.), and mixed culture was observed at
~2 to 3 x 10-6 M as evidenced by a reduction in the optical density of the cell sus-
pension, cell numbers and cell dry wt. It appears that at a lower cell density the
bacteria may be able to sorb more Pu due to the absence of both clumping of cells
and shielding of sorption sites at the cell-surface, hence the skewed data at higher
Pu concentrations. An increase in Pu sorption by the growing cells may also
increase the toxic effects.

Figure 2 shows association of 241Pu with the resting cells of Halomonas sp. and
Acetobacterium sp. that had been contacted with various concentrations of 241Pu
nitrate at pH 5 for 30 min. The halophile Halomonas sp. showed ~36%
removal of the added Pu at both the lowest and highest concentrations tested
(0.96 to 8.3 x 10-13 mol mg cells dry wt.). In contrast, the non-halophilic
Acetobacterium sp. showed only ~14% removal of the added Pu at the lowest
concentration and ~7% at the highest concentration tested. When the same amount
of Pu was added to the two cultures, there was greater Pu uptake by the halophile.
Additional studies are under way to determine the functional groups involved in
surface complexation and the chemical speciation of Pu.

These results show that the halophiles have a greater capacity for Pu removal than
the non-halophilic bacterium. The oxidation state and chemical form of Pu, and
possible intracellular transport processes, may regulate the amount of Pu taken up
by microorganisms. Further studies are needed to determine the factors regulating
the microbial mobilization and immobilization of Pu in the repository environ-
ment.

 Figure 2. Uptake of
241Pu-nitrate by
resting cells of
Halomonas sp. and
the non-halophilic
culture
Acetobacterium sp.
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Transuranium Removal from Hanford High Level Waste Simulants Using
Sodium Permanganate and Calcium

Introduction

Plutonium and americium are present in the Hanford high level liquid waste
complexant concentrate (CC) due to the presence of complexing agents including
di-(2-ethylhexyl) phosphoric acid (D2EHPA), tributylphosphate (TBP),
hydroxyethylene diamine triacetic acid (HEDTA), ethylene diamine tetraacetic
acid (EDTA), citric acid, glycolic acid, and sodium gluconate.1 The transuranic
concentrations approach 600 nCi/g and require processing prior to encapsulation
into low activity glass. BNFL’s (British Nuclear Fuels Limited’s) original process
was a ferric co-precipitation method based on earlier investigations by Herting
and Orth, et al.2  Furthermore, flocculation and precipitation are widely used for
clarification in municipal water treatment. Co-precipitation of Np, Am, and Pu
with ferric hydroxide is also used within an analytical method for the sum of
those analytes.3

Tests to evaluate BNFL’s original precipitation process indicated the measured
decontamination factors (DFs) and filter fluxes were too low.4 Therefore, an evalu-
ation of alternative precipitation agents to replace ferric ion was undertaken.
Agents tested included various transition metals, lanthanide elements, uranium
species, calcium, strontium, and permanganate.5

Moreover, the association of manganese and calcium for synergistic adsorption of
water contaminants is prevalent in the literature. Aziz and Smith found that
limestone was better for treating manganese-containing water than gravel or
crushed brick at the same pH.6 Goel and Chaudhuri also demonstrated the ability
of calcium plus manganese to remove humic acids from water.7 This adsorption
property of hydrated manganese oxides could potentially be used in the decon-
tamination of the Hanford CC wastes.

Description

The various precipitating agents were added to 50 mL of the actinide-spiked
simulant that had been adjusted to 5.5 M Na+, 1.0 M OH- and 0.4 M Al. The slurry
was stirred for 15 minutes and then heated 4 h at 50°C. The samples were filtered
through a 0.45-micron filter. The filtrate was collected for 1 minute and weighed
or volumetrically measured. Samples were analyzed by gamma and alpha pulse
height analysis. Decontamination factors (DFs) for each isotope are the initial
concentration divided by the final concentration. Infrared spectra were obtained
using a Nicolet 200 spectrometer and a DRIFT accessory.

Results

Shown in Figure 1 are the decontamination factors for 239Pu and 241Am for a series
of precipitation agents including the ferric nitrate baseline. The actinide decon-
tamination was low with the exception sodium permanganate and the mixed
agents of sodium permanganate and calcium nitrate. Orth2 had originally exam-
ined the use of potassium permanganate for strontium decontamination. During
this testing, a permanganate test with an actual sample from Tank 241-SY-101



P u   F u t u r e s — T h e   S c i e n c e54

showed plutonium decontamination in addition to the strontium removal.
The applicability of this process to other complexant concentrated waste was not
tested.

Interestingly, the combination of calcium and permanganate exhibited a phenom-
enal decontamination for both actinides. An apparent synergism between Ca and
MnO4

- yielded decontamination efficiencies of 99.9% for both Am and Pu. Decon-
tamination factors for 239Pu and 241Am were 690 and 560, respectively.  Addition-
ally, this pretreatment strategy produces a slurry that is filterable in contrast to the
iron decontamination sequences that proved not to be filterable.

Shown in Figure 2 are the infrared spectra of reagent-grade manganese dioxide,
hydroxyethylene diamine triacetic acid (HEDTA), and the precipitate from the
addition of calcium nitrate and sodium permanganate to the Hanford CC waste
simulant. The spectrum of reagent grade MnO2 is dominated by an intense ab-
sorption band centered at 550 cm-1.8 The spectrum of the HEDTA agrees with
previously published results in Nakamoto.9 The bottom spectrum is the manga-
nese oxide precipitate produced from the newly developed calcium/permangan-
ate treatment scheme. The characteristic vibration of the Mn-O stretch is observed
ca. 550 cm-1. Additionally, bands at 1590, 1410, and 1350 cm-1 are observed and can
be attributed to coordinated carboxylate vibrations.10 This suggests that pluto-
nium and americium could be removed via an interaction between the new-
formed oxide surface and an actinide-EDTA complex. Additional work is under-
way to examine these interactions.
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Figure 2. Infrared
spectra of Ca/
NaMnO4 precipitate.
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Radiolysis of Hexavalent Plutonium in Solutions of Uranyl Nitrate
Containing Fission Product Simulants

The effect of the inherent radioactivity on the chemical state of plutonium ions in
solution was recognised very shortly after the first macroscopic amounts of
plutonium became available and early studies were conducted as part of the
Manhattan Project.1 However, the behaviour of plutonium ions, in nitric acid
especially, has been found to be somewhat complex, so much so that a relatively
modern summary paper included the comment that, “The vast amount of work
carried out in nitric acid solutions can not be adequately summarized. Suffice it to
say results in these solutions are plagued with irreproducibility and induction
periods...”2 Needless to say, the presence of other ions in solution, as occurs when
irradiated nuclear fuel is dissolved, further complicates matters. The purpose of
the work described below was to add to the rather small amount of qualitative
data available relating to the radiolytic behaviour of plutonium in solutions of
irradiated nuclear fuel.

Previous work using upwards of 20 elements in solution showed that uranium
and palladium in particular had very significant effects on the rate of reduction of
Pu(VI) by radiolysis.3 Consequently these elements together with Np, Ce, Fe and
Tc, implicated in other works to have more minor effects, were added to nitric acid
solutions containing hexavalent plutonium for radiolysis studies. These studies
investigated both the inherent alpha radiolysis and also external irradiation using
a 60Co gamma source.

Alpha Radiolysis

Four solutions of uranium, plutonium and the other elements listed above were
made up in nitric acid. The plutonium used in each of these solutions had a
different proportion of the 238 isotope in order to enable dose rate effects to be
studied, 238Pu contents of 0.12%, 1.00%, 2.94% and 9.20% were used, the balance
being essentially all 239Pu. Prior to the start of each experiment, plutonium was
converted to the hexavalent form by ozonolysis.  The change in the proportion of
hexavalent and tetravalent plutonium was then determined over a two month
period by extraction of Pu(IV) using TTA from samples of each solution. Results
are shown in Figure 1.

These results are interesting in that the rate of reduction of Pu(VI) to Pu(IV)
appears to have been accelerated by the presence of the other ions. Vladimirova4

indicates that in 4 molar nitric acid in the absence of other species a 10-2 molar
solution of hexavalent 238Pu reduces with a G value of approximately 0.01. Our
results indicate G values of approximately 0.7 and 0.5 for solutions containing
2.9% and 9.2% 238Pu respectively. Vladimirova’s results would be expected to
show slightly smaller G values due to the higher does rates (x10) used but this
effect is not large enough to explain the fifty-fold increase in G values shown by
this work. It appears that the accelerative effects of uranium and palladium on the
reduction of hexavalent plutonium by gamma radiolysis may also apply during
autoradiolysis.
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Figure 1.
Autoradiolytic
reduction of Pu(VI)
to Pu(IV) in nitric
acid.

Figure 2. Reduction
of Pu(VI) to Pu(IV) by
gamma radiolysis.
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Gamma Radiolysis

Solutions of similar composition to those used for the alpha radiolysis experi-
ments were made up, with the exception that only 239Pu was used and that the
acidity and uranium concentration were varied. Samples were irradiated using a
60Co source for a number of days. Reduction of Pu(VI) to Pu(IV) was again deter-
mined using TTA extraction and alpha counting of evaporated samples; results
are shown in Figure 2.
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The results indicate that increasing the acidity from 2.5 to 5 mol/l decreases the
rate of reduction of Pu(VI) to Pu(IV) and that reducing the uranium concentration
also reduces the rate of Pu(VI) reduction. Other elements such as technetium and
zirconium had no discernible effect on the rate of Pu reduction and likewise no
change was observed when using de-aerated solutions. These findings are in line
with previous results from experiments3,5 conducted at dose rates three orders of
magnitude higher than those used in this present study and show that the acceler-
ated reduction of Pu(VI) by uranium and palladium ions occurs irrespective of
dose rate.

In conclusion, this work confirms the accelerative effect of uranium and palla-
dium on the radiolytic reduction of Pu(VI) in nitric acid solutions and suggests
that the effect is applicable to both external gamma radiolysis and alpha
autoradiolysis. The effect has also been shown to occur at much lower dose rates
than previously demonstrated.
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Contribution of the Surface Contamination of Uranium Materials on the
Quantitative Analysis Results by Electron Probe Microbeam Analysis

The control of analysis of uranium materials is necessary for the research and
development quality of the nuclear industry applications (enrichment, safety
studies, fuel, etc.). Among the dependable analytical technologies, electron probe
microbeam analysis wavelength dispersive spectrometry (EPMA-WDS) is a non-
destructive analytical technology. The characteristic X-ray signal is measured to
identify and quantify the sample constituents, and the analyzed volume is about
one micron cube. The surface contamination of uranium materials modifies and
contributes to the quantitative analysis results of the EPMA-WDS. This contribu-
tion is nonrepresentative of the bulk. A thin oxidized layer appears in the first
instants after the preparation (burnishing, cleaning) [1-7] as well as a carbon
contamination layer, due to the metallographic preparation and the carbon crack-
ing under the impact of an electron probe [8]. Several analytical difficulties occur
such as an overlapping line between the carbon Ka ray and the Uranium UNVIOIV

ray. Moreover, the sensitivity and the precision on light element (i.e., carbon and
oxygen) quantification are reduced by the presence of uranium. The aim of this
study is to improve the accuracy of quantitative analysis on uranium materials by
EPMA-WDS by taking into account the contribution of the surface contamination.

The first part of this paper is devoted to the study of contaminated surface of the
uranium materials U, UFe2 and U6Fe a few hours after the preparation. These
oxidation conditions are selected with the aim to reproduce the same contamina-
tion surfaces that occurred in microprobe analytical conditions. The surface
characterisation techniques are SIMS and Auger spectroscopy. The contaminated
surfaces are described. They are made of successive layers: a carbon layer, one
oxidised iron layer followed by an iron depletion layer (only in UFe2 and U6Fe),
and a ternary oxide layer (U-Fe-O for UFe2 et U6Fe and UO2+x for the uranium).

The second part of this paper is devoted to estimating errors caused by surface
contamination during quantitative analysis. EPMA-WDS is used to make the
estimation. The analyses were carried out with a CAMECA SX100 and the simula-
tion with the X-Film software. The experimental conditions are chosen in order to
optimise the precision and the reproducibility of the measurements. The analytical
procedure is the following: the bulk elements U, Fe and the contamination ele-
ments C, O are quantified. Quantitative analysis results by EPMA-WDS in three
cases are presented: (α) simulation of perfect sample (no-contamination surface),
in which the quantitative analysis results are the bulk concentrations; (β) simula-
tion with the contamination surface contribution a few hours after preparation,
which is the simulation of experimental measurements; and (γ) experimental
measurements a few hours after preparation.

The surface effects on quantitative results of uranium-materials by WDS are very
important. A few hours after preparation, oxygen atomic concentrations, exclu-
sively due to the contamination: 11% in U, 5% in UFe2 and 15% in U6Fe and a few
carbon atomic % are measured. The errors of analysis on UFe2 materials are 5% on
the uranium concentration, 5% for the iron, 8% for oxygen and 2% for carbon. The
influence of the accelerating voltage of the electron beam on the quantitative
results has been simulated (case of UFe2). The contribution of the surface is proved
and is very important whatever the experimental conditions are. This study is a
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progress in the understanding and control of quantitative analysis errors by
EPMA-WDS on uranium materials. The perspective of this study is to more
accurately remove errors in the results of quantitative analysis that had been
caused by surface contamination. This work will contribute to the actions of
CETAMA in enhancing the quality of analytical measurements.
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Oxidation/Reduction of Multivalent Actinides in the Subsurface

The U.S. Department of Energy (DOE) has the responsibility to remediate or
stabilize existing subsurface contaminants on DOE sites. Additionally, strategies
are being developed to deal with the disposal of nuclear waste and materials that
are currently stored. Multivalent actinides are key constituents of this waste. A
scientifically sound understanding of the environmental chemistry and key
subsurface interactions of these multivalent actinides is needed to design cost-
effective remediation and containment strategies.

The important role of oxidation state and redox chemistry on the mobility of
multivalent actinides in the subsurface is beyond dispute. These actinides, prima-
rily uranium, neptunium and plutonium, are likely to exist in more than one
oxidation state that in many cases have very different mobility in the subsurface.
An understanding of the key factors that influence the oxidation state distribution
in the subsurface is essential to predicting actinide migration.

Our research here at Argonne has focused on two key factors that help define
actinide speciation in the subsurface. These are microbiological interactions and
interactions with anthropogenic organic complexants.

Microbiological Effects on Actinide Speciation

Microbiological processes have an important role in defining the speciation of
actinides in the subsurface. This influence has been largely ignored in assessments
of subsurface actinide migration. Microbes play a major role in a wide variety of
subsurface processes that lead to direct and indirect effects on actinide speciation.
The most important of these are reduction/oxidation, the biodegradation of
organic complexants, and the uptake/association of actinides in the cellular
material.

We have investigated the fate of neptunium in the +5 oxidation state under a
variety of anaerobic systems. This includes methanogenic consortia, sulfate-
reducing bacteria and metal reducers – all of which are known to reduce multiva-
lent metals. The oxidation state stability of neptunium was established by absorp-
tion spectrometry under both biotic and abiotic conditions. The neptunium pre-
cipitates formed subsequent to bioreduction were analyzed by XANES to deter-
mine the oxidation state. CCBATCH, a biodegradation model developed at North-
western University, was used to track electron flow to assess and evaluate the
mechanisms for the bioreduction noted.

The anaerobic systems investigated resulted in the reduction of Np(V) to form
Np(IV) precipitates. Very little bioassociation was noted. The oxidation state of the
precipitate, see Figure 1, was confirmed by XANES analysis to be Np(IV). So the
result of biological activity in these systems was the immobilization of the nep-
tunium as a neptunium (IV) precipitate. Modeling studies in support of these
experiments showed that we could account for electron flow without including
the actinide as an electron acceptor. This means that the neptunium (V) is not
being reduced by direct enzymatic reaction. Alternative mechanisms, such as
detoxification response and exocellular reduction by organics generated by the
microbes, are under investigation.
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Actinide-microbiological studies of uranyl and plutonyl systems have also been
completed. Pu(VI) is reduced under both aerobic and anaerobic systems to form
low solubility Pu(IV) phases. We have not established uranyl reduction under
aerobic conditions although uranyl precipitation is often noted. These results
have also been confirmed by XANES analyses.

Redox Effects of Organic Chelating Agents with Actinide

The important role of organic species in defining actinide speciation and mobility
in subsurface is also beyond question. Organic species are present in the subsur-
face from both natural (e.g., hydro-geological and microbiological activity) and
anthropogenic sources. Our research has focused on the role of anthropogenic
organic complexants (e.g., edta, nta, citrate and oxalate) on actinide speciation
and redox. Organic complexants directly affect the speciation of dissolved ac-
tinides in two ways. They can stabilize an oxidation state towards precipitation or
reduction by forming complexes. The second, perhaps less recognized, effect is
that many organic chelating agents reduce or facilitate the reduction of multiva-
lent actinides.

The direct reduction of the higher oxidation states of multivalent actinides, not
surprisingly, occurs rapidly under near-neutral conditions when the complexant
is an amine. The oxidation state distribution, subsequent to reduction, however,
depends on the stability of the various complexes formed, and complete reduc-
tion is not usually observed. The overall effect on redox, is not, however, straight-
forward, when the complexant is a carboxylic acid (e.g., oxalic and citric acid).
Here the net reduction of the actinide depends on ligand/metal ratio, and radi-
olysis effects must be considered. So biodegradation of these organics will play a
more important role in establishing their overall effect on actinide speciation.

Figure 1. Comparison
of XANES spectra
from neptunium
precipitated during
lactate fermentation
by sulfate reducing
bacteria to form
Np(IV) phases with
Np(V) and Np (IV)
solid standards. The
bio-precipitated
neptunium spectra
lack the near-edge
shoulder associated
with Np(V),
confirming that Np(V)
was reduced to
Np(IV).
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Gas-Phase Plutonium Oxide Cluster Ions
and Initial Actinide Ion Trapping Experiments*

A thorough understanding of the chemistry of plutonium is needed to predict and
manipulate environmental migration, degradation of stockpile and disposition
forms, physiological effects, mixed-oxide (MOX) fuel behavior, etc. The complex
chemistry of Pu is largely attributed to the accessibility of several common oxida-
tion states, particularly PuIII, PuIV, PuV and PuVI. Additionally, the quasi-valence 5f
electrons can participate directly in bonding under suitable conditions, such as
high atomic density or proximity to harmonious bonding partners. Although a
plethora of solid compounds of Pu are known, the overall understanding of the
nature of Pu bonding and reaction pathways is limited. Gas-phase reactions
provide insights into fundamental chemistry; aspects of organoplutonium chemis-
try have been probed via studies of reactions between Pu+ and organic molecules.1

Lanthanide (Ln) studies2 demonstrated that the compositions and abundance
distributions of LnxOy

+ cluster ions were sensitive to the redox chemistry of the
particular Ln—for example, divalent Eu and tetravalent Tb. In contrast to the
predominantly trivalent Ln, the rich redox chemistry of Pu should be revealed in
the formation of a variety of PuxOy

+ with diverse Pu oxidation states. Variations in
chemistry among PuxOy

+ (and PuxOy(OH)z
+) should illuminate interfacial and

condensed phase processes. In the work described here, new plutonium oxide and
oxyhydroxide cluster ions were synthesized by a technique previously applied to
LnxOy

+. In conjunction with this project, quadrupole ion trap (QIT) techniques are
being developed to probe actinide atomic, molecular and cluster ion chemistries,
and preliminary QIT results will be presented for uranium.

Experiment

The actinide laser ablation mass spectrometry facility and in situ synthetic tech-
niques employed to prepare LnxOy

+ have been described in detail,1,2 and only a
summary is included here. Cluster ions were produced by pulsed laser ablation of
a Pu or Ce oxalate target and analyzed by a time-of-flight mass spectrometer.
Based upon results for LnxOy

+, f-element oxalates were selected as targets for the
production of oxide cluster ions upon ablation into vacuum. The following hy-
drated oxalates were prepared by precipitation from chloride solutions:
PuIII

2(C2O4)3-xH2O; PuIV(C2O4)2-xH2O; CeIII
2(C2O4)3-xH2O; and CeIV(C2O4)2-xH2O; the

values of “x” were indeterminate, but x ≈10 for most LnIII
2(C2O4)3-xH2O. Cerium

oxalates were studied because both Ce(III) and Ce(IV) are common oxidation
states, and Ce is often employed as a surrogate for Pu. Whereas both the Pu(III)
[yellow] and Pu(IV) [black] oxidation states were retained in air, Ce(IV) oxalate
was rapidly reduced to Ce(III) oxalate. Greater cluster yields were obtained for
PuIII

2(C2O4)3-xH2O compared with PuIV(C2O4)2-xH2O, and most reported results are
for the former. Targets were fabricated by compressing oxalate powders into small
pellets.1,2 A modified QIT with a glow discharge ion source was employed for the
initial trapped uranium ion studies.
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Results and Discussion

Significant yields of PuxOy
+ and PuxOy(OH)z

+ were produced for values of x up to
6. The predominant ablated cerium oxide clusters were (average Ce valence in
parentheses): Ce2O2

+ (2.5); Ce2O3
+ (3.5); Ce3O4

+ (3.0); and Ce3O5 (3.7). In contrast to
the Ce results, a much wider variety of Pu clusters was produced in appreciable
abundance, including several polyhydroxides and oxyhydroxides. A few of the
more abundant Pu clusters were (average Pu valence in parentheses): Pu2O3

+

(3.5); Pu2O2(OH)+ (3.0); Pu2O4
+ (4.5); Pu2O3(OH)+ (4.0); Pu2O4(OH)+ (5.0); Pu3O4

+

(3.0); Pu3O5
+ (3.7); and Pu3O6

+ (4.3). As these representative small clusters illus-
trate, significantly higher valence states were obtained for Pu compared with Ce.
The highest valence state definitively identified for Ce was +3.8 in Ce4O7

+, and
that for Pu was +6.5 in Pu2O6

+. The highest common valence state of Ce is +4, and
that of Pu is +6; PuVII can be produced under extreme conditions, and it is note-
worthy that a the mixed valence species, PuVIPuVIIO6

+ was identified here. Three
primary differences between Pu and Ce cluster compositions and abundances
were: 1) Pu produced clusters of a greater variety of compositions; 2) Pu clusters
exhibited a tendency to incorporate hydroxide ligands; and 3) Pu clusters exhib-
ited a wider range of average valences, notably valence states up to +6 and even
+7. It is expected that future studies of actinide cluster synthesis and reactivity
will provide new insights into fundamental chemistry and reaction pathways of
central importance to understanding processes such as oxidation, hydrolysis and
polymerization of Pu, and Pu-induced degradation of organics.

In distinct contrast to LnxOy
+, where cluster ion intensities decreased monotoni-

cally with increasing values of x, small amounts of two “magic number” pluto-
nium oxide clusters, Pu16O22Hz

+ and Pu18O23Hz
+ (z ≈ 2) were identified, well-

isolated from the preceding largest cluster, Pu6O7(OH)2
+. Structures are proposed

for these large clusters which might account for their special stabilities. Their
formation suggests a link between the molecular and solid states, and provides a
unique opportunity for examining the nature of bonding in plutonium molecules
and solids.

A primary intent of this research program is to investigate the chemistries,
stabilities and structures of actinide clusters. The laser ablation / time-of-flight
approach is not particularly well-suited to this goal, and QIT techniques are
being pursued to study mass-selected trapped actinide ions in a more
controlled fashion. Preliminary results will be presented for reactions of atomic
uranium and uranium oxide molecular ions with organic molecules such as
pentamethylcyclopentadiene. Ultimately, the ability to produce, isolate and study
Pu clusters of specific oxidation states and structures in the QIT should provide a
powerful avenue to understanding valence and structural effects in Pu chemistry.

References

1. J. K. Gibson, J. Am. Chem. Soc., 120, 2633 (1998).

2. J. K. Gibson, J. Phys. Chem., 98, 11321 (1994).



67 Presentations
CP532, Plutonium Futures – The Science, edited by K. K. S. Pillay and K. C. Kim,

2000 American Institute of Physics 1-56396-948-3

Actinide Science with Soft X-Ray Synchrotron Radiation

The vacuum ultraviolet (VUV)/soft x-ray region of the synchrotron radiation (SR)
spectrum that revolutionized the approach to surface materials chemistry/physics
more than a decade ago, has long been recognized for its potential to investigate
both fundamental and applied actinide science. Several workshops, some dating
back fifteen years, have discussed the scientific impact that would be made pos-
sible by the capability to investigate actinides in this energy region but the ac-
tinide science community has been unable to take advantage of these SR method-
ologies, largely because of radiological safety concerns.1 These safety issues stem
from difficulties handling and preparing actinide materials in a manner compat-
ible with experiments in ultra-high vacuum VUV/soft x-ray end stations. The
advent of third-generation light sources operating in the VUV/soft x-ray region
such as the Advanced Light Source (ALS) at LBNL, along with corresponding
improvements in detector and vacuum technology, have made it possible to
perform experiments with very small amounts of actinide material. Experimental
safety considerations, based on a graded approach to hazard level and the use of
actinide micro-samples, have enabled meaningful investigations to be per-
formed.2-3 Furthermore, the synchrotron radiation techniques used in this energy
region also have matured, permitting more complicated investigations and en-
abling new spectroscopic approaches. Of particular importance are the
microspectroscopy and spectromicroscopy capabilities that permit the handling of
small amounts of actinide material and in addition, provide spatial information to
complement the high resolution spectroscopic information.

The primary methods for the experimental investigation of actinide materials in
the VUV/soft x-ray region are the complementary photoelectron spectroscopies,
near-edge x-ray absorption fine structure (NEXAFS), and x-ray emission spectros-
copy (XES) techniques. Resonant photoemission techniques capable of resolving
the 5f electron contributions to actinide bonding along with angle-resolving
measurements for band structure and surface structure determinations, have clear
and immediate applications. Venerable angle-integrating core and valence band
photoelectron spectroscopy are valuable for characterization and analytical pur-
poses. Combined with results from NEXAFS measurements, these techniques will
provide the information needed to develop improved understandings of the
electronic structure of actinide materials and their surface chemistries/physics. A
new and useful consequence of third generation source development is the renais-
sance of XES techniques in this energy region. XES is an atom specific probe,
complementary to both photoemission and absorption, that is especially amenable
to studies of buried, disordered, and bulk materials systems. All of these tech-
niques yield experimental data that can be used within existing theoretical frame-
works and efforts, as well as providing additional impetus to extend theoretical
modeling methods with actinides into the soft x-ray region.

A significant amount of information about actinide materials chemistry and
physics can be obtained from a comprehensive multi-technique approach in this
energy region that will lead to an improved understanding of the materials.
Examples from each of the aforementioned techniques, as applied to actinide
materials, will be presented. Future scientific plans, directions (including the role
of the ALS Molecular Environmental Science Beamline), approaches, and safety
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considerations for the investigation of actinide materials in this energy region will
be discussed.

This work is supported by the Director, U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, Chemical Sciences Division and Materi-
als Sciences Division under Contract No. DE-AC03-76SF00098.
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Recent Achievements in the Development of Partitioning Processes of
Minor Actinides from Nuclear Wastes Obtained in the Frame of the

NEWPART European Programme (1996–1999)

Partitioning of long-lived minor actinides (americium and curium) from the
nuclear wastes issuing from the reprocessing of nuclear spent fuels, in order to
transmute them into short-lived nuclides, was the subject of intense research
within the NEWPART research programme of the European 4th Frame Work
Programme (1996–1999). The target waste considered was the acidic raffinate
(HAR) issuing from the reprocessing of the used nuclear fuels by the PUREX
process. A two-step separation process based on liquid-liquid extraction was
designed. The first step consists of the co-separation of the mixture of trivalent
actinides and lanthanides from the HAR by extraction with a malonamide extract-
ant (DIAMEX process), while the second step relies on the actinides(III)/
lanthanides(III) group separation (SANEX) process.

Several DIAMEX and SANEX processes were developed and successfully tested
with cold, spiked and genuine high active effluents. The research carried out also
included basic and fundamental work in order to better understand the relation-
ships between the structures of the extractants and their affinities for the target
metal ions. The lecture will highlight both the basic and applied aspects of the
research.
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Actinide Chemistry: From Test Tube to Billion Dollar Plant –
A BNFL Perspective

British Nuclear Fuels (BNFL) is currently operating its third generation of nuclear
plant for the management of irradiated nuclear fuel. Development for the fourth
generation plant must meet requirements for processing higher burn-up fuel with
lower unit costs, lower environmental impact, better process control, and more
flexible control of actinides.

There is an ongoing need for focussed research and development on actinide
chemistry to meet today’s challenges for safety, process control, environmental
impact, and cost reduction. Historically, nuclear research has been carried out in
government organisations with huge levels of funding of similar magnitude to
the facility costs themselves, often greater than a billion US dollars! BNFL on the
other hand, is run as a private company and must fund research from its own
profits and reserves. On the face of it, it cannot compete in resources with national
laboratories. Experience has shown, however, that BNFL is unique in having
within its organisation all aspects of the fuel cycle at all steps of the life cycle,
from research through to decommissioning, feedback and organisational learning.
This breadth than compensate for lower levels of funding. The role of research
into actinide chemistry to help meet these challenges is described in broad detail,
covering ligand design and selection, experimental determination of equilibria
and kinetics, process modelling, and small-scale demonstration of active
flowsheets.
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Robust Membrane Systems for Actinide Separations

A membrane is a semi-permeable structure separating two phases that can oper-
ate as an active or passive barrier to the transport of matter between the phases.
The membrane can discriminate between the components of the phases based on
differences in one or more properties of the components such as size, shape,
electrical charge, solubility and diffusion rate. The resulting separation achieved
by a membrane system is a function of both thermodynamic partitioning and
kinetics. Control of the interaction of these features provides a wide range of
separation possibilities with membranes, but is difficult to achieve in practical
applications. Robust membrane systems that accomplish precise separations
based on chemical properties would allow membrane separation technology to
reduce separation costs for a much wider range of industrial needs, including
many separation challenges faced by the U.S. Department of Energy.

Our focus in this effort is on membranes for selective separation of metal ions
from solution. Supported liquid membranes (SLMs) have been investigated for
many years to selectively separate metal ions and other species from aqueous
solutions. The preparation of an SLM essentially involves placing a liquid-liquid
extraction system into the pores of a thin membrane support. A carrier molecule
dissolved in the organic layer contained in the pores acts as a shuttle for metal
ions between an aqueous feed solution on one side of the membrane and an
aqueous receiving solution on the other side. The SLM systems have illustrated
that the selective chemistry developed for liquid-liquid extraction of metal ions
could be applied in a membrane format, but the poor long-term stability of the
SLMs has inhibited their industrial application. A number of approaches to
mitigate the stability problem have been attempted, but none have yet been a
significant commercial success. Our objective in this project is to develop very
stable thin membrane structures containing ionic recognition sites that facilitate
the selective transport of target metal ions, especially the actinides.

Most prior work with facilitated transport membrane systems has employed
organic polymer membranes with pores that are generally variable in size, tortu-
ous in shape, difficult to characterize and unstable under harsh conditions. The
hybrid materials that we prepared eliminate or reduce many of these difficulties
by using inorganic porous substrates that have rigid, uniform pore structures. We
deposit a thin layer of metal or metal oxide onto the porous substrate to a pre-
scribed depth. Selective receptors are attached to this coating. In this way, we can
precisely control the thickness of the active membrane layer, a key factor in
determining flux rates. The active layer must prevent nonselective convective
flow through the pores, but be as thin as possible to maximize the rate of facili-
tated transport. Systematic chemical modification of this active layer enables us to
perform experiments to define the mechanisms of transport.

For example, thin layers of gold (300-1000 Å) were deposited on commercial
porous alumina supports. A self-assembled monolayer of a thiol compound was
then attached to the gold surface. An SLM was prepared by dissolving an extract-
ant such as tributylphosphate or trioctylphosphine oxide in the thiol layer.

For measuring metal ion transport rates the membrane was clamped in a holder
where the membrane separated two compartments. One of the compartments
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contained a feed solution that initially contained the salt of the metal ions of
interest. The second compartment contained a receiving solution of equal volume.
The rate of diffusion of the metal ions from the feed to the receiving solution was
measured as a function of time. The driving force for moving the ions across the
membrane was the chemical potential gradient. The transport of uranium was
measured between a feed solution of uranium(VI) in 1 M potassium nitrate at pH
4 and a receiving phase of sodium acetate/acetic acid at pH 5. Initial flux rates of
up to 5 x 10-9 moles U/cm2-sec were observed. These flux rates are higher than
flux rates for uranium(VI) reported for various SLM systems in the literature.
Similar studies are in progress with plutonium and other metal ions. Further
work will compare transport in related fixed-site carrier membranes where a
phosphoryl donor group is incorporated into the thiol compound forming the
self-assembled monolayer. Increased understanding of the mechanisms of metal
ion transport will allow further development of these promising membrane
separation systems.
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New Nuclear Safe Plutonium Ceramic Compositions with Neutron
Poisons for Plutonium Storage

A complex of works is conducted to study the possibility of reprocessing surplus
weapon-grade plutonium to a critical-mass-free composition with neutron poison.
Nuclear safe ceramic compositions of PuO2 with four most efficient neutron
poisons, Hf, Gd, Li, and B, are fabricated in the laboratory. Various methods for
fabrication of the compositions with PuO2

 depending on neutron poison element
are used and studied: a - by sintering initial component powders; b – by impreg-
nation of a porous skeleton made of neutron poison oxide with plutonium sol-gel;
c – by sintering microspheres made of plutonium oxide with neutron poison (B4C),
with the microspheres having a coating completely absorbing alpha particles.

Compositions of PuO2 with HfO2, (Hf, Y)O2 produced by sintering of powders
(homogeneous type ceramics) or by impregnation of a porous skeleton made of
HfO2 with plutonium oxide sol-gel (homogeneous-heterogeneous type ceramics)
are studied most comprehensively. The method for producing plutonium oxide,
carbonating or burning responsible for oxide purity degree is shown not to influ-
ence the ceramics sinterability at a given ratio of plutonium and neutron poison,
which is 1/7-8. At this atom ratio the sintering of two oxides, HfO2 and PuO2,
results in a two-phase structure, the sintering of three oxides, HfO2, Y2O3, and
PuO2, leads to triple solid solution of the cubic structure, which is usually consid-
ered as most stable in regard to radiation.

The minimum content of Y2O3 for obtaining the cubic structure is estimated. Quite
high-quality samples of various density and porosity were obtained depending on
sintering conditions (medium: oxidizing-reducing, oxidizing, vacuum; tempera-
ture, time), powder fraction composition, etc. Studying the role of porosity may be
of interest to assess the radiation behavior during the composition storage.
Coprecipitated powders of Pu, Hf, and Y oxides are shown to provide faster
sintering at temperatures lower by 200-300˚C, than mechanically mixed powders.
The produced samples were of a high quality in homogeneity and component
distribution uniformity.

The method for composition production by impregnation of a porous skeleton
fabricated from hafnium oxide of monoclinic or cubic structure with plutonium
oxide sol-gel is studied. Activated sintering of certain fraction composition
hafnium oxide powders was used to produce porous material of certain sizes and
quantity of pores to introduce a given quantity of plutonium oxide sol-gel. The
technique for porous sample impregnation with sol of various plutonium oxide
content is verified.

A method for fabrication of a skeleton from hafnium oxycarbide of porosity
suitable for impregnation with a given quantity of plutonium sol-gel is developed
and the skeleton is produced. The method is environmentally safest in view of
separate skeleton manufacture and plutonium sol production.

Fairly strong samples are produced by sintering of PuO2 microspheres, coated
with a titanium oxide layer to absorb a particles, with B4C. Compositions of
protective coatings (of enamel types) are verified for the samples fabricated. The
method is suitable for using inexpensive efficient boron carbide neutron poison

B. A. Nadykto
RFNC-VNIIEF,
Arzamas-16 (Sarov),
Nizhni Novgorod
region, 607190

L. F. Timofeeva
GSCRF-VNIINM,
Moscow, 123060



P u   F u t u r e s — T h e   S c i e n c e74

within a heterogeneous composition with PuO2. A demerit is the need to apply
coating on the microspheres to avoid reaction α→n and the complexity of boron
carbide sintering.

The study resulted in the determination of the phase and element composition,
structure and physical and mechanical characteristics of the fabricated composi-
tions. The study of composition behavior during storage using the X-ray-struc-
tural analysis methods and the positron annihilation method detected changes in
oxide lattice parameters and annihilation characteristics due to radiation defect
accumulation.

Sintering of compounds Li2HfO3, Li4SiO4, and 6Li4 SiO4, produced in the laboratory
as well as Gd2O3 and their compositions with PuO2, where the ratio of plutonium
and neutron poisons secures critical-mass-free status of the system, is studied.
Good quality samples are produced, and their structure and phase composition
are studied. Some of their properties are determined. Some features in structure
and phase formation are detected. The sintering of Li2HfO3 and PuO2 results in
monoclinic HfO2 and cubic (Hf, Pu)O2; no lithium containing phase is detected.
The sintering of Gd2O3 and PuO2 leads to formation of two solid solutions based
on Gd2O3 and PuO2.
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Theoretical Predictions of Hydrolysis and Complex Formation of the
Heaviest Elements

Studying hydrolysis is one of the most important tasks in solution chemistry of
actinides and transactinides since hydrolysis is known to influence such impor-
tant aspects of chemical behavior as adsorption of the dissolved metals on sur-
faces of mineral particles, the solubility of oxides and hydroxides or the extent to
which the metal can be complexed in solution or extracted from solutions by
various agents. It is also a challenge to find an adequate theoretical description of
a real process taking place in a complex aqueous media. In the presentation,
investigations of hydrolysis and complex formation of group 4, 5 and 6 elements,
including the transactinide elements 104, 105 and 106 are described. They were
carried out on the basis of results of relativistic calculations of the electronic
structure of various hydrated, hydrolyzed and complex compounds of these
elements using the fully relativistic ab initio density functional method with the
GGA approximation for the exchange-correlation potential.1 Predictions of equi-
libria of hydrolysis or complex formation reactions have been made using a model
which enables determination of free energy changes of the reactions as changes in
the ionic and covalent contributions to the binding molecular energy separately.
Those contributions were calculated using the Mulliken analysis of the electronic
density distribution. Changes in the entropy were also taken into account.

Results of these investigations have shown the changes in the free energy of a
hydrolysis reaction to be defined by predominant changes in the ionic (Coulomb)
part of the binding molecular energy. Thus, in going over from the 5d transition
elements to the 6d elements (transactinides), electrostatics still define the hydroly-
sis process. Nevertheless, the application of the simple ionic model using formal
ionic charges is limited to the 5d elements as the heaviest, and for the more heavy
elements, real effective charges must be used calculated via relativistic molecular
codes.

The investigations have shown the hydrolysis of the transactinides with the final
formation of neutral complexes to follow trends found within lighter homologs in
the chemical groups. However, the formation of complexes with electronegative
ligands (also with O meaning a further hydrolysis) results in reversed trends in
the chemical groups. Thus, hydrolysis of group 6 cations with the formation of the
MO2(OH)2(H2O)2 species has the following order: Mo > W > 106. Further hydroly-
sis with the formation of the negative complexes MO4

2 results in a reversal of the
trend from W to Sg: Mo > 106 > W. The former sequence was confirmed experi-
mentally by elution of W and Sg from the cationic chromatography column.3

A similar reversed trend, Pa > Nb > 105 > Ta, was predicted for the formation of
oxochlorocomplexes of group 5 elements, Nb, Ta, element 105, and Pa in aqueous
HCl solutions.2 This trend was obtained by calculating the free energy changes of
complex formation reactions versus hydrolysis of the complexes. The same trend
was predicted for the complex formation of these elements in HF and HBr solu-
tions. This sequence was later confirmed experimentally by extraction of the
complexes of group 5 elements and Pa into an aliphatic amine.4,5
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Present theoretical investigations being in agreement with the experimental
findings have given strong evidence that in the area of very heavy elements with
strong relativistic effects any straightforward extrapolations of the properties
could result in erroneous conclusions. Therefore, fully relativistic schemes with
the best correlation are highly desirable for an adequate description of the systems
in the area with high Z numbers.
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New Field of Actinides Solution Chemistry:
Electrochemical Study on Phase Transfer of Actinide Ions across

Aqueous/Organic Solutions Interface

The main research field of actinides solution chemistry has been related to the
development of separation and analytical methods of actinide ions. There are
recent studies on a novel electrolytic separation method1) and an electrochemical
ion-sensor technique,2) both of which are based on ion transfer reaction at the
interface of two immiscible solution phases. Fundamental electrochemistry of the
phase transfer for actinide ions, however, has not been studied extensively. In this
presentation, the author will describe (i)the ion transfer reaction of actinide(An)
ions such as An3+, An4+, AnO2

+ or AnO2
2+, where An = U, Np, Pu, across the

aqueous(w)/organic(org) solutions interface and (ii)the development of an electro-
lytic ion separation method as well as actinide-ion selective electrode(Ann+-ISE) on
the basis of the ion transfer reaction.

The ion transfer of Ann+ at the w/nitrobenzene(NB) interface was investigated by
voltammetry using a stationary interface electrode or polarography with an
aqueous electrolyte dropping electrode3), by which the relation between the inter-
facial potential(∆V) corresponding to the transfer energy and current(I) corre-
sponding to the amount of transferring ion(∆V-I curve) were recorded.
Crystalviolet-tetraphenylborate(CV+TPhB-) and NH4Cl or (NH4)2SO4 was used as a
supporting electrolyte of NB and w, respectively.

In order to facilitate the transfer of Ann+ from w to NB, multidentate phosphine
oxide derivative was used as an ionophore in the present work. For the measure-
ment of ion transfer reaction of such radioactive elements as actinides, a new
method, i.e., radio-voltammetry for ion transfer at the interface of immiscible
electrolyte solutions (RVITIES), was developed and applied to the measurement of
the relation between ∆V and the amount of ions transferred(A) (∆V-A curve). The
∆V-A curve was obtained by performing controlled-potential electrolysis using a
stationary w/NB interface electrode system with mixing the interface by turbine
and then determining A from the measurement of the radioactivity of each phase.

Actinide ions are highly hydrophilic, and the ion transfer of Ann+ from w to org
hardly occurs. For the voltammetric study of ion transfer of such hydrophilic
ions, a neutral carrier-type ligand that forms a stable complex with Ann+ is
added to org as an ionophore to facilitate the ion transfer. Anodic waves
due to the facilitated transfer of UO2

2+ or Pu3+ were clearly observed in
the voltamograms and polarograms recorded with NB containing
bis(diphenylphosphoryl)methane (BDPPM). From the comparison of the ion
transfer potentials of Ann+ with and without BDPPM, it was concluded that the
transfer of UO2

2+ or Pu3+ from w to NB was largely facilitated by BDPPM. The
UO2

2+ or Pu3+ transfer reaction is of irreversible characteristics, which is attribut-
able to slow processes involved in the ion transfer reaction such as adsorption/
desorption of BDPPM or metal-BDPPM complex at the w/NB interface. The
polarographic half wave potentials(∆V1/2) for the transfer of UO2

2+, NpO2
+ and Pu4+

with w of 0.1 M (NH4)2SO4 + 0.1 mM Ann+ and NB of 0.05 M CV+TPhB- + 5 mM
BDPPM were -60 , ≥+106 and ≥+86 mV (vs. TPhE3)), respectively. UO2

2+ transfers
efficiently from w to NB by the electrolysis at more positive potential than DV1/2 of
UO2

2+, e.g. +30 mV. The controlled-potential electrolysis with stationary w/NB
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interface electrode at +30 mV was performed using 0.2 M H2SO4 solution contain-
ing 1 mM UO2

2+ and NB containing 5 mM BDPPM, and it was found that ≥99% of
UO2

2+ transferred into NB by the electrolysis for 15 min. The electrolytic ion sepa-
ration method has advantages: an addition of a relatively high concentration of
hydrophobic counter anion, indispensable for a conventional ion-pair solvent
extraction, is not necessary, and the selectivity can be enhanced by precise control
of the electrolysis potential.

The fundamental data of Ann+ transfer reaction also led to the development of an
ion sensor which is sensitive to Ann+. In principle, a potential generating at the ion
selective electrode(ISE) of a liquid-membrane type corresponds to the w/org
interfacial potential when the interface is fully depolarized by the ion-transfer.
According to this concept of the ISE potential and based on the Pu3+ facilitated
transfer data, Pu3+-ISE employing BDPPM ionophore was developed. The ISE cell
configuration is

1 mM Pu3+ 1 mM 10–910–1 M Pu3+

Pu(BDPPM)3•3TPhB
SSE1 (HC1 solution + 10 mM BDPPM SSE2

inner solution (liquid membrane) test solution

SSE: silver/silver chloride electrode.

The Pu3+-ISE exhibited Nernstian response to 1×10-7 - 1×10-2 M Pu3+ in 1 mM HCl
medium as the most optimum condition. It was confirmed that 10 times the
concentration of UO2

2+ did not disturb the potential for 1×10-6 M Pu3+. Though the
selectivity of the Pu3+-ISE developed is still insufficient for its application to the
direct speciation of Pu ion, an employment of a new ionophore is expected to
enhance the selectivity as well as the sensitivity of the ISE. Sensitivity and a wide
dynamic operating range of ISE are usually sufficient for most analytical applica-
tions.

The facilitated ion transfer of Ann+ was observed in the presence of ionophore as
described above. On the other hand, the studies of the ion transfer without iono-
phore, i.e., single ion transfer, are also important. These studies clarify the facili-
tated ion transfer phenomena and give fundamental information on hydration,
solvation or coordination of Ann+ in solutions.

In ∆V-I curves observed by conventional voltammetry of polarography, a wave
corresponding to the ion transfer of Ann+, which is highly hydrophilic, is not
observed clearly due to residual current corresponding to the transfer of ion(s) of
supporting electrolyte(s). In this study the novel method RVITIES was proposed.
This method provides several advantages: (i)even at the potential where a large
residual current flows the DV-A curve can be obtained, (ii)ion transfer of such low
concentration as tracer level can be measured, and (iii)this method can be applied
to fully irreversible ion transfer reaction. The relation between DV and A is ex-
pressed as

∆V = -∆G0
tr’ /zF + (RT/zF)ln[A/(Ao-A)]+(RT/zF)ln(vw/vorg)   ,
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where ∆G0
tr’ and v are the ion transfer free energy and the volume of the indi-

vidual phase for controlled-potential electrolysis, respectively. A and A0 are
radioactivities in org after the electrolysis and in w before the electrolysis. This
RVITIES was applied to the measurement of ∆G0

tr
’ of Ann+.

References

1. Y. Kitatsuji, H. Aoyagi, Z. Yoshida and S. Kihara, Anal. Sci., 14, 67 (1998).

2. Y. Kitatsuji, H. Aoyagi, Z. Yoshida and S. Kihara, Anal. Chim. Acta, 387, 181 (1999).

3. S. Kihara, M. Suzuki, K. Maeda, K. Ogura, S. Umetani, M. Matsui and Z. Yoshida,
Anal. Chem., 58, 2954(1984).



82
CP532, Plutonium Futures – The Science, edited by K. K. S. Pillay and K. C. Kim,

© 2000 American Institute of Physics 1-56396-948-3/00/$17.00

J. F. Dozol,
A. Garcia Carrera,
H. Rouquette
DCC /DESD / SEP /
LPTE CEA
Cadarache 13108
Saint Paul Lez
Durance (France)

Extraction of Lanthanides and Actinides from H. A. Waste by
Calix[4]arenes Bearing CMPO Units

The decategorisation of radioactive liquid waste by removal of 90Sr, 137Cs and
actinides (allowing the waste to be sent to a surface disposal after conditioning)
or the separation of these long lived nuclides from solutions arising from the
PUREX process (in order to destroy them by transmutation or to isolate them in
high integrity matrixes) need very specific extractants.

Carbamoylmethyl phosphine oxides are excellent extractants for actinides,
especially the (N,N-di-isobutylcarbamoylmethyl) octyl phenyl phosphine oxide
used in the TRUEX process. The species extracted contains three CMPO mol-
ecules per actinide cation. Thus, it seemed interesting to attach, in a suitable way
and on an appropriate platform, three (or more) functional groups of the CMPO
type, to better complex the trivalent cations.

Calixarenes represent a class of cyclic oligomers which are easily available in
larger quantities and offer also nearly unlimited possibilities of chemical modifi-
cation. Especially calix[4]arenes have been used in numerous ways as such a
basic platform on which ligating functions can be assembled. Calixarenes bearing
CMPO moieties on the wide rim and different alkyl chains (length of alkyl chain
ranges from CH3 to C18H37) on the narrow rim were prepared. Compound
(R = C5H11) was chosen to study the extraction efficiencies of wide rim CMPOs
towards nine lanthanides and two actinides (Am, Cm). CMPO, in a concentration
250 fold higher, displays comparable distribution coefficients with cyclic
calixarene or acyclic tetramer. Moreover, a strong decrease of the distribution
coefficients along the lanthanide series, from 140 for lanthanum to 0.19 for ytter-
bium was found, which corresponds to a separation factor of nearly three orders
of magnitude. CMPO and tetramer displayed a much less pronounced selectivity.
This efficiency and selectivity enhancement evidences the role of the
preorganisation induced by the calixarene structure.
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Stiffening of the previously described calixarenes was obtained from calix[4]arene bis

crown ether in which adjacent oxygen atoms are bridged at the narrow rim by two

diethylene glycol linkers. This stiffening increases the extraction of cations (distribution

coefficients higher than 100 are obtained with this rigid calixarene used at a concentration

10-4M); however, the more pronounced preorganisation of CMPO ligands in this

compound does not change significantly the discrimination of lanthanides.

Another class of calixarenes was synthesised by including CMPO units on the narrow rim

of calixarene. Several calixarenes were synthesised with arms bearing CMPO moieties of

different length (n = C
2
H

5
 to C

5
H

11
). For this class of calixarenes, the extracting ability is

lower than that displayed by the previous class. One has to point out that a marked

maximum of extraction is achieved for calixarene with a spacer including three carbon

atoms and that the selectivity order changes with the spacer length. Several other

compounds with phosphoryl units (phosphinate or phosponate) were synthesised.

Although their efficiency is lower than that displayed by phosphine oxide moieties, they

extract lanthanides and actinides more efficiently than CMPO.

Currently, the selective extraction of actinides from liquid waste arising from the PUREX

process and containing almost all of the totality of the fission products, requires two steps:

one to separate actinides and lanthanides from most of the other fission products, another

for the separation of actinides from lanthanides. With CMPO calixarenes, in only one step,

it is possible to separate actinides from the whole of the fission products except for the

lightest lanthanides.
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Two New Insoluble Polymer Composites for the Treatment of LLW:
1. Polypyrrole Doped by UO2

2+ Complexing Polyanions
2. UO2

2+ Complexing Sol-gel Based Composites.
Stability Constants. Leaching Tests, Alpha and Gamma Irradiation

In a previous work,1 we have demonstrated that polyanions like
polyacrylamidoglycolic acid (PAAG) and polyacrylamidomethylpropanesulfonic
acid (PAMPS) are capable to complex UO2

2+ ions. Unless they are crosslinked,
these polyanions/UO2

2+ complexes are soluble when submitted to dynamic leach-
ing tests in a Soxhlet extractor. Considering the feasability of a new process for the
storage or for the concentration of low level activity liquid wastes (LLW), we had
to strongly enhance the insolubility of these complexes. We have developed two
original insolubilization ways, as compared to the crosslinking of the polymer.

Polypyrrole Doped by UO2
2+ Complexing Polyanions

PAAG and PAMPS polyanions are doping agents of the polycationic polypyrrole
(PPy) leading so to an interesting composite structure. Indeed, polypyrrole is
completely insoluble in water and, moreover, it is very resistant against leaching
in concentrated nitric acid. These properties enhance noticeably the insolubility of
the PAMPS/UO2

2+ and PAAG/UO2
2+ complexes due to both the electrostatic

interactions PPy+/polyanion and to the physical entanglement into the insoluble
polycationic chains of PPy.

Moreover, since PPy is an electrically conducting polymer, the electrochemical
preparation of the PPy based composites allows the achievement of either thin
layers strongly adhering onto the electrode or bulky materials, only by controlling
the electrolysis time. This electrochemical process would allow the covering of
grids or other supports used in actinide solutions to be treated.

We have determined the level of doping agent and uranyl incorporation into the
composites by Rutherford backscattering analysis (RBS), by alpha-counting
analysis and also by calcination of the complexes (recovery of uranium oxides). A
uranyl content as high as 60 weight % was gained for the PPy/PAAG/UO2

2+ thin
layer composite.2

The main complexing interaction proceeds through the secondary amide function
of the two polyanions as depicted below for the PPy/PAMPS/UO2

2+ complex.

UO2
2+ Complexing Sol-gel Based Composites

Acrylamide, a uranyl complexing monomer, was copolymerized with a triethoxy
silane acrylate and acrylamide derivatives. These copolymers were, in turn,
reacted with tetraethyl orthosilicate. The final product was a sol-gel powder or
film. These sol-gel products are known to be of a nanometric scale, making them
appropriate candidates for separation processes.3

Similarly to the PPy based composites, we studied the complexation capacity,
leaching tests resistance and separation properties.
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Stability Constants

Stability constants for the reaction of complexation between UO2
2+ and the

complexing polymers were gained by an electrochemical technique. Measurement
of the shift of the totally reversible reduction wave of UO2

2+/ UO2
+ towards more

cathodic value in presence of the complexing polymer was ascertained by using
differential pulse polarography. This shift allows calculation of stability constants.

The results allow us to draw up a theoretical stability scale which corroborate the
results obtained from dynamic leaching tests in soxhlet extractor.

Resistance of the Composites to Gamma and Alpha Irradiations

There is a lack of data concerning the behaviour of the complexing polymers
against irradiation. We have submitted the powdery materials to a gamma irra-
diation ( 137Cs, 4000 Curies). The absorbed dose rose from 106 to 2 106 Grays. These
irradiations and the subsequent analyses showed a very good resistance of the
polymers and the persistency of the uranyl complexing capacity, evidencing so
their relevance in the treatment or storage of LLW.

In complementary experiments, the complexing materials were used to fix 233U, in
order to achieve an alpha internal irradiation. The evolution of the release of U in
function of the leaching time was followed and found different from the release
curve of 238U.

The PPy based composites electrodeposited as thin layers (100 nm to 2 µm) were
also irradiated by an alpha 241Am source. Electrochemical and spectroscopic
investigations on the irradiated films do not reveal structural damaging.
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Waste Forms from the Electrometallurgical Treatment of DOE Spent Fuel:
Production and General Characteristics

Introduction

The Department of Energy (DOE) is proposing to use electrometallurgical tech-
nology to treat sodium-bonded spent nuclear fuel that has accumulated from
decades of advanced reactor research and development. During a three-year
testing program that was completed in August 1999, the technology was demon-
strated on a small fraction, 3 metric tons, of the Experimental Breeder Reactor-II
(EBR-II) sodium-bonded spent nuclear fuel at Argonne National Laboratory-West
(ANL-West).[1, 2]

Two types of EBR-II fuel were used in the demonstration, driver and blanket. The
driver fuel was uranium-10 wt. % zirconium clad with stainless steel. The spent
driver fuel used in the demonstration had an average initial enrichment of ap-
proximately 67% and a typical burnup of about 8%. The blanket fuel is comprised
of stainless-steel cladding and depleted uranium in metal form and has an aver-
age burnup of approximately 0.2%, with a plutonium buildup of several hundred
grams per assembly.

Description of the Electrometallurgical Process

The electrometallurgical fuel treatment uses an electrorefining process that sepa-
rates the fuel into three products: uranium product, ceramic waste form and metal
waste form. This process has been widely discussed and presented thoroughly in
the literature.[1, 2, 3]

After electrorefining the stainless steel cladding, the noble metal fission products
(Zr, Mo, Ru, Tc, Te, Rh, Pd, Nb, others) and some residual actinides that do not
react in the electrorefining process, are immobilized in a 15% zirconium 85%
stainless steel metal waste form. This alloy was selected based on empirical
experience and inspection of the phase diagrams of the primary alloy components
(i.e., Fe-Zr, Fe-Cr-Zr, Cr-Zr, Ni-Zr).

As the irradiated fuel is treated, the molten salt accumulates chlorides of the
active fission products, sodium and the transuranic elements present in the fuel.
To immobilize the salt, it is removed from the EBR and blended with zeolite at
500°C, which sorbs the salt into the zeolite. After cooling, a glass powder is mixed
with the salt sorbed zeolite and loaded into steel cans. In a hot isostatic press
(HIP), the mixture is converted to a monolithic ceramic waste form with the
zeolite being converted entirely to the mineral sodalite.

Results

(A) Metal Waste Form

The following metal waste form samples have been produced: (1) 20 cold ingots
(1-3 kg) from a tilt pour furnace, (2) 11 cold ingots (15-25 g) from a resistance
furnace, (3) 71 spiked ingots (10-20 g) with radioactive constituents, and (4) 3 fully
radioactive ingots (4-6 kg). Physical measurements, corrosion tests, immersion
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Figure 1.
Backscattered
electron images:

(A) SS-15 wt. % Zr-10
wt. % Pu alloy. The
darkest regions are
an iron solid solution
phase; the medium-
contrast regions are
a Zr(Fe,Cr,Ni)2+X

phase, with the
brightest regions in
this phase being
enriched in Pu.

(B) Ceramic waste
form material
containing 3.8 wt. %
Pu.  A. glassy phase,
B. sodalite grain, C.
PuO2 inclusion.

tests, thermophysical tests, and microstructural characterization were conducted
on these samples with variations in zirconium content (5-95 wt. %), noble metal
content (0-4 wt. %), stainless steel type (304, 316, and HT9), uranium content
(0-11 wt. %) and plutonium content (0-10 wt. %). The corrosion and immersion
tests indicate that the metal waste form is very durable and does not readily
release radionuclides. The normalized release rate for uranium and technetium
from alloy samples is less than 5E-3 g/m2day as obtained in a two year immersion
test.[4] The microstructural characterization of these alloys and the actual irradi-
ated metal waste ingots produced to date reveal that the alloy, primarily the
Fe-Zr phase, exhibits solubility for noble metal fission products and actinides,
see Fig. 1A.

(B) Ceramic Waste Form

The following ceramic waste form samples have been processed and character-
ized: (1) 45 laboratory scale hot unaxial press (HUP) samples (239Pu and 238Pu
doped, 1-5 g), (2) 104 laboratory scale HIP cans (cold, U doped, Pu/U doped,
50 g), (3) 55 demonstration scale cold HIP cans (1-2 kg), (4) 20 non-radioactive
process control samples (10-30 g), (5) 3 scale-up 8 inch diameter HIP products,
(6) 2 scale-up 18 inch diameter products, (7) 10 radioactive demonstration-scale
HIP cans, and (8) 17 radioactive process control samples.

The waste forms generated were characterized using a variety of methods and
techniques, including (1) immersion tests, (2) X-ray diffraction, (3) electron micros-
copy (see Fig. 2B), (4) neutron diffraction, (5) material properties, (6) vapor hydra-
tion tests, (7) drip tests, (8) material interaction tests, and 9) X-ray absorption fine
structure. These analyses (over 900 in the completed demonstration phase) en-
compassed the testing areas of attribute, characterization, accelerated and service
condition[5] and demonstrated the durability of this waste form.[6]
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Ion irradiation-induced nanocrystal formation can be the result of competition
between amorphization and crystal recovery and recrystallization.[3-5] Epitaxial
growth and nucleation-growth are the primary crystal recovery mechanisms
during the process of ion irradiation-induced amorphization. Due to the higher
energy barrier for the formation of new crystal nuclei, the probability of nucle-
ation-growth is small as compared with that of epitaxial growth. Thus, the epi-
taxial recrystallization of the highly damaged materials leads to the formation of
nanocrystals at 933 K. As a result, nanocrystals show a preferred orientation
similar to that of the original crystalline matrix. At a higher temperature, 973 K, the
probability of nucleation increases due to the lower quench rate and longer anneal-
ing time. Thus, nanocrystals of random orientation can form around these newly
formed nuclei. In this case, ion irradiation-induced nucleation-growth of
nanocrystals that occurs in heavily damaged crystalline materials at elevated
temperature is similar to thermally activated recrystallization in cold-worked
metals.[6,7] Epitaxial growth and ion irradiation-induced nucleation-growth both
have important effects on the formation and orientation of nanocrystals.
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Plutonium and Uranium Disposition in a Sodalite/Glass Composite Waste
Form via XAFS

Introduction

Sodalite/glass composite waste forms are being developed at Argonne National
Laboratory for disposal of radioactive fission elements in salt form from the
electrometallurgical treatment of spent EBR-II nuclear reactor fuel.1,2 The salt
waste from the electrometallurgical process consists primarily of an LiCl/KCl
eutectic salt loaded with various other fission-product chloride salts. In addition,
this salt contains up to 2 mol % actinide chlorides, namely, uranium, plutonium
and neptunium chlorides. The salt from the treatment process is sorbed by zeolite
4A, which has an aluminosilicate cage structure of nominal composition
Na12(AlSiO4)12 and is known for its ability to contain or “occlude” other species
within the cage structure. The zeolite 4A, with its occluded fission-element salts, is
mixed with glass and heated to high temperatures and pressures to convert the
zeolite to a more thermodynamically stable sodalite form and consolidate the
waste form. Primary considerations in this process are (1) questions of reactivity
of the various salts with the zeolite structure as raised by thermodynamic calcula-
tions and (2) the fate of the fission elements in the resulting waste form.

The objective of this work was to determine the fate of plutonium and uranium in
this waste form via the XAFS synchrotron technique.3 Other techniques such as
tunneling electron microscopy (TEM) can show crystal structure in great detail but
do not have the ability to see the plutonium within the sodalite cage structure
other than at the surface of the material being studied. The XAFS technique
provides a unique means of determining the local environment of the plutonium
and uranium in a true three-dimensional sense and is capable of doing so in situ.

Description of Work

For the purposes of this experiment, a matrix of four sample types was created.
Given the previously stated target actinide loading in the process waste form , the
decision was made to utilize 3:1 and 1:3 uranium to plutonium ratios in the salt
used where the total actinide loading sums to 2 mol %. Thermodynamic calcula-
tions indicate the possible reaction of these actinides with water present in the
zeolite at process temperatures in the 500 to 750 degree C. range, so the second
axis of the matrix was chosen to consist of zeolite 4A with 0.12 and 3.5 wt % water
loadings. Quantities of these zeolites were blended with the actinide-loaded salts
at 500 degrees C. They were subsequently mixed with glass powder to a 25 wt %
glass loading, packaged in canisters and consolidated at elevated temperature and
pressure to form composite sodalite/glass waste forms. These waste forms were
sectioned and fragments of them were analyzed via XAFS.

Results

The results of the waste form patterns were compared against a set of known
oxidation-state standards (Pu(III)F3, Pu(IV)O2, NaPu(V)O2CO3, Ba3Pu(VI)O6 and
UO2). These standards were also used to check the efficacy of the FEFF/FEFFIT set
of programs as a check of the ability of the programs to generate theoretical
output that matched the physical standards. When this was established, compari-
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son of the waste forms against known crystallographic Pu2O3, PuO2, PuOCl, PuCl3,
K2PuCl5 and K2PuCl6 data was performed. The plutonium and uranium in the
waste forms was found to match the PuO2 and UO2 cases to significant degree.
This would seem to imply formation of the oxides from the actinide chlorides by
reaction with the zeolitic water given the absence of water in the salt used to
manufacture the waste forms and the low ppm water content environment during
processing.
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